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Anthropogenic modification of landscapes is global and pervasive. Such landscapes
comprise more native vegetation than do landscapes with no human impact. Moreover, these
alterations have contributed to the accelerated loss of biodiversity and compromised ecosystem
services. Consequently, development of appropriate conservation policies requires an
understanding of how communities are affected by human-modified landscapes.
Despite considerable efforts towards understanding the effects of human-modified
landscapes on communities, two critical aspects of landscape ecology have received scant
attention. First, little is known about the effects of landscape modification on ecological and
evolutionary characteristics of assemblages, as most studies have focused on taxonomic
biodiversity (e.g. species diversity). The effects of environmental variation, including that
produced by land conversion, is dependent on species characteristics (e.g. physiological
constraints, habitat requirements, dispersal abilities). Thus, inclusion of ecological functions and
evolutionary histories into biodiversity assessments (i.e. functional and phylogenetic dimensions)
provide insight into mechanisms that drive species assembly. Second, little is known about
structuring mechanisms that operate at landscape scales (meso-scales) via effects on
distributional patterns of species across a suite of sites that are potentially connected by dispersal
(i.e. metacommunity structure). Most studies of fragmentation have focused on local species
composition, as opposed to metacommunity structure, consequently ignoring effects of processes

Laura Marie Cisneros – University of Connecticut, 2014
(e.g. environmental heterogeneity, landscape connectivity) that operate at larger scales. As such,
I evaluated the effects of landscape structure on multiple dimensions of biodiversity and
metacommunity structure of Neotropical bats —important seed dispersal and pollination
agents— within a human-modified landscape.
The linkages between biodiversity or metacommunity structure and landscape variation
were complex, but strong. The taxonomic dimension was not a reasonable surrogate for the
functional or phylogenetic dimension. Rather, the effects of landscape structure on local
variation in communities were dependent on the dimension of biodiversity and season (dry
versus wet). Landscape effects emerged at meso-scales through effects on metacommunity
structure. Similarly, landscape effects at meso-scales were dependent on the guild affiliation of
species and season. These findings demonstrate that comprehensive understanding of the effects
of human-modified landscapes on biotas requires a multifaceted framework that considers
multiple dimensions of biodiversity and community structure at multiple scales.
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Introduction
If you look out of an airplane window or from a mountain peak at the landscape below,
you will notice the intricate patchwork of forest, cropland, pasture, and urban areas. Indeed, this
is true almost anywhere you go in the world. Humans have reshaped over 77% of the terrestrial
biosphere (Ellis et al. 2010). Half of this modified area is used directly by humans for agriculture
and settlements, and the remaining half comprises native vegetation that is embedded within a
mosaic of land converted for human use. This embedded vegetation comprises more land than do
areas with no human impact (i.e. pristine areas). Consequently, human-modified landscapes must
be explicitly considered in conservation strategies.
Human modification of landscapes is spatially complex, as native vegetation is
fragmented and replaced by a variety of land cover types designed to serve human needs (i.e. the
matrix). Furthermore, matrix environments are not completely inhospitable to species, as some
species are able to cross these human-made environments or are able to acquire resources from
them (Kupfer et al. 2006; Perfecto & Vandermeer 2008). Accordingly, responses of biota to
these complex landscapes depend on connectivity among patches of native vegetation, or on the
permeability and resource availability of human-modified environments.
Although considerable effort has been devoted to understanding the factors that affect
species assembly in human-modified landscapes, most studies have used metrics based on the
taxonomic assignment of organisms, such as species richness, species diversity or species
composition, to quantify community structure or biodiversity at the patch or local scale (Fahrig
2003; Sodhi & Ehrlich 2010; Tscharntke et al. 2012). Althought these studies have been
instrumental to understanding the influences of human-modified systems on biotas, the findings
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of these studies are limited in what they can reveal about mechanisms that drive species
assembly within human-modified landscapes.
Environmental variation, including that caused by habitat loss and fragmentation, does
not affect all species equally, as the responses of species are dependent on their physiological
characteristics, habitat requirements, and dispersal abilities. Thus, species characteristics as well
as the number and abundances of species are important to understanding dynamics of
biodiversity and can be measured by three dimensions: taxonomic, functional, and phylogenetic
biodiversity. Accordingly, consideration of the taxonomic dimension alone may provide an
incomplete or misleading impression about the consequences of human activities on biodiversity.
Rather, the simultaneous assessment of multiple dimensions can provide a more comprehensive
understanding of spatial dynamics of biodiversity in response to environmental change.
By focusing at the patch scale (the level of a community), effects of processes that
operate at the landscape scale may be overlooked (Leibold 2011). For example, matrix
environments, such as agriculture, offer a variety of resources to species. Consequently,
heterogeneity of land cover types surrounding a focal patch may influence species assembly.
Furthermore, communities are not closed-systems; thus, dispersal and connectivity among
communities may play critical roles in the assembly of species within human-modified
landscapes. The metacommunity concept provides a framework to evaluate structure across a
suite of sites as opposed to individually assessing local community structure (Leibold &
Mikkelson 2002). A metacommunity can therefore be defined as is a group of sites that are
potentially connected by dispersal (Wilson 1992). A number of metacommunity structures have
been recognized (i.e. checkerboard, nested, Clementsian, Gleasonian, evenly spaced; Leibold &
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Mikkelson 2002) and are associated with important structuring mechanisms at the scale of a
landscape (e.g. competitive interactions, niche tradeoffs).
As such, the objectives of my dissertation were to evaluate the effects of landscape
structure on multiple dimensions of biodiversity and metacommunity structure of Neotropical
bats —important seed dispersal and pollination agents in the tropics— within a human-modified
landscape. In Chapter One, I identified the landscape characteristics that promoted taxonomic,
functional, and phylogenetic dimensions of biodiversity and evaluated the extent to which
assemblages were more or less functionally or phylogenetically similar along a landscape
heterogeneity gradient than expected by chance. In Chapter Two, I quantified metacommunity
structure and determined the factors affecting species distributions within a human-modified
landscape. In Chapter Three, I estimated the unique effects of environmental and spatial
processes on taxonomic, functional, and phylogenetic structure of assemblages. Taken together,
findings from my dissertation revealed that linkages between biodiversity or metacommunity
structure and landscape variation are complex, but strong. Furthermore, this dissertation
demonstrates that comprehensive understanding of the effects of human-modified landscapes on
ecological assemblages requires a multifaceted framework that considers multiple dimensions of
biodiversity and biotic structure at multiple scales.
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CHAPTER ONE
EFFECTS OF HUMAN-MODIFIED LANDSCAPES ON TAXONOMIC, FUNCTIONAL, AND
PHYLOGENETIC DIMENSIONS OF BAT BIODIVERSITY
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Abstract
Over 77% of the terrestrial biosphere has been modified by humans. These alterations
have contributed to the accelerated loss of biodiversity and ecosystem services. Nonetheless,
such environmental variation does not affect all species equally due to differences in their
ecological traits (e.g. physiological constraints, habitat requirements, dispersal abilities). Thus,
species characteristics, as well as species richness and abundances, are important for
understanding dynamics of biodiversity and can be measured by three dimensions of biodiversity
(taxonomic, TD; functional, FD; phylogenetic, PD). Accordingly, I assessed TD (Simpson’s
diversity), and FD and PD (Rao’s quadratic entropy) of bat biodiversity along a forest loss and
fragmentation gradient in the Caribbean lowlands of Costa Rica. The objectives of this study
were two-fold: 1) to identify characteristics of human-modified landscapes that promote each
dimension of biodiversity, and 2) to evaluate the extent to which assemblages are more or less
functionally or phylogenetically similar given empirical species diversity along a landscape
heterogeneity gradient. All dimensions were estimated using species abundances. Furthermore,
FD was estimated separately for each of seven functional components that reflect particular
niche axes (e.g. diet, foraging strategy) and for all functional components combined (FDall). PD
was based on relatedness of species derived from a supertree. Hierarchical partitioning was
employed to identify the best explanatory landscape characteristics of each dimension. The
extent to which PD or FD arose as a consequence of species diversity was quantified by a
randomization approach. Because of changes in resource availability and resource requirements
of bats between seasons, analyses were conducted separately for the dry and wet seasons.
Landscape effects were dimension and season specific. During the dry season, TD and
PD increased with increasing proportions of pasture or size of forest patches, whereas FDall
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decreased with increasing size of forest patches. During the wet season, TD increased with
increasing forest patch size, whereas FDall and PD increased with more compact forest patches in
closer proximity. Decomposition of FD into separate functional components revealed a variety of
landscape effects on ecological aspects of assemblages. Regardless of location on the landscape
heterogeneity gradient, assemblages were less diverse than predicted given empirical species
diversity in terms of foraging strategy attributes during the dry season and in terms of
phylogenetic or foraging strategy attributes during the wet season. One dimension of biodiversity
was not a good surrogate for another. Rather, decomposition of biodiversity into different
dimensions and functional components facilitated identification of the aspects of assemblages
that are most affected by forest conversion and fragmentation. Although assemblages throughout
most of the heterogeneity gradient contained redundant species of gleaning frugivores (causing
functional and phylogenetic similarity), areas with intermediate amounts of forest and pasture
during the dry season harbored highest diversity from taxonomic, functional, and phylogenetic
perspectives. Conversely, areas with large, compact forest patches promoted the dimensions of
biodiversity during the wet season. Accordingly, placement of areas with even amounts of forest
and pasture adjacent to large, compact forest patches (e.g. reserves) may maintain high
biodiversity of bats and the ecosystem functions that they provide throughout the year.
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Introduction
Humans have reshaped over 77% of the terrestrial biosphere (Ellis et al. 2010). Forty
percent of the terrestrial biosphere is used directly by humans for agriculture and settlements; the
remaining area (~ 37%) includes natural (e.g. primary or mature forest) or semi-natural (e.g.
secondary forest) lands embedded within a mosaic of land converted for human use. These
embedded natural and semi-natural lands comprise more ice-free land than pristine areas (i.e.
landscapes with no human impact; ~ 22%), and are prominent worldwide. Consequently, the
success of biodiversity conservation and management of ecosystem functions and services
depends on an understanding of the value and contributions of human-modified landscapes to
conservation goals (Chazdon et al. 2009).
Although considerable effort has been devoted to understanding the factors that affect
species assembly in human-modified landscapes, most studies have focused on the taxonomic
dimension of biodiversity (e.g. species richness and species diversity; Fahrig 2003; Sodhi &
Ehrlich 2010; Tscharntke et al. 2012). The taxonomic dimension (TD) considers species to be
equally distinct and is insensitive to ecological and evolutionary attributes of species. Because
the effects of environmental variation, including that produced by land conversion, are mediated
by species characteristics (e.g. physiological constraints, habitat requirements, dispersal
abilities), consideration of TD alone may provide an incomplete or misleading impression about
the consequences of human activities on local or regional biodiversity. Furthermore, landscape
modification likely creates new environmental filters that favor particular attributes that may be
obligatory for species persistence, thereby altering the mechanistic bases of assembly, such as
those reflecting interspecific competitive ability or niche partitioning (Mayfield et al. 2010).
Accordingly, inclusion of species attributes, such as ecological functions or evolutionary
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histories, into biodiversity assessments should provide insights into the mechanisms that drive
species assembly and disassembly to better inform conservation efforts.
Estimates of biodiversity based on the ecological functions and evolutionary histories of
species describe the functional dimension (FD) and phylogenetic dimension (PD), respectively.
FD measures variability in ecological attributes among species, and provides a mechanistic link
to ecosystem resistance, resilience, and functioning (Petchey & Gaston 2006). PD measures the
evolutionary differences among species based on times since divergence from a common
ancestor (Faith 1992), and sometimes represents a comprehensive estimate of phylogenetically
conserved ecological and phenotypic differences among species (Cavender-Bares et al. 2009).
Thus, this dimension may represent the long-term evolutionary potential of a biota to respond or
adapt to current and future environments.
Depending on the nature of land use, human-modified landscapes may become more
homogeneous or more heterogeneous. With increasing landscape homogeneity, diversity of
habitats or resources for particular taxa may decrease, ultimately increasing biotic
homogenization (e.g. assemblages converge in species composition or in functional or
phylogenetic attributes). Conversely, increased landscape heterogeneity may produce a greater
diversity of habitats or resources for particular taxa, ultimately affecting the divergence in
species composition along with attendant functional or phylogenetic attributes. Nevertheless, few
studies have tested whether these hypotheses manifest with regard to functional and phylogenetic
attributes (Devictor et al. 2008; Flynn et al. 2009; Abadie et al. 2011). The extent to which
empirical values of FD or PD deviate from those expected due to empirical species richness or
species diversity will facilitate assessment of whether landscape modification promotes or
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diminishes ecosystem functions and evolutionary potential along a landscape scale gradient in
heterogeneity.
Few studies have explored the influences of human-modified landscapes on FD or PD
(Tscharntke et al. 2012), most of which have focused on plant assemblages (Mayfield et al.
2005, 2006, 2010; Laliberté et al. 2010; Arroyo-Rodríguez et al. 2012). The spatial scale at
which plants are influenced by landscape modification may differ from those that influence taxa
that disperse farther, which may produce different patterns of biodiversity among taxa. Bats are
useful for assessing the effects of human-modified landscapes on ecological and evolutionary
aspects of assemblages because they are diverse from taxonomic and functional perspectives
with respect to other mammalian groups (Patterson et al. 2003). In the Neotropics, bats are
generally the most species-rich and locally abundant mammalian group, comprise species from a
variety of feeding guilds (e.g. frugivores, gleaning animalivores), and vary greatly in dispersal
abilities (Patterson et al. 2003). Moreover, bats provide important ecological services, such as
seed dispersal, pollination, and regulation of insect populations (Kunz et al. 2011). Due to their
diversity and ecological importance in many ecosystems, bats are bioindicators of disturbance, as
their responses to environmental variation may reflect the responses of other taxa (Jones et al.
2009). To date, no study has simultaneously assessed taxonomic, functional, and phylogenetic
dimensions of bat biodiversity within a human-modified landscape.
In general, studies of the response of Neotropical bats to land conversion (Estrada et al.
1993; Cosson et al. 1999; Medellín et al. 2000; Bernard & Fenton 2002; Estrada & CoatesEstrada 2002; Faria & Baumgarten 2007; Willig et al. 2007) have compared sites that differed in
the degree of disturbance (e.g. forest vs. logged forest). Although this approach has been
instrumental in understanding the influences of human-modified systems on bat assemblages, it
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ignores the landscape context of sites that has critical implications for species assembly or
disassembly (Gorresen & Willig 2004; Meyer & Kalko 2008; Klingbeil & Willig 2009, 2010;
Avila-Cabadilla et al. 2012). Anthropogenic modifications of landscapes are spatially complex,
as natural land cover is fragmented and replaced by a variety of land cover types designed to
serve human needs (i.e. the landscape matrix). Furthermore, matrix environments are not
completely inhospitable to biota, and the degree of permeability and resource availability in
matrix environments are species-specific (Kupfer et al. 2006; Perfecto & Vandermeer 2008).
Accordingly, land conversion affects the quantity and diversity of available resources in the
landscape, as well as the connectivity among resource patches.
In general, three processes associated with landscape modification affect patterns of
biodiversity: loss of native vegetation, fragmentation per se (i.e. breaking apart of native
vegetation), and matrix permeability or utility (Tscharntke et al. 2012). Loss of native vegetation
and matrix effects are associated with the presence and proportion of natural and
anthropogenically modified land cover types, independent of their spatial arrangement (i.e.
landscape composition), whereas fragmentation per se affects connectivity and spatial
arrangement (i.e. landscape configuration) of resource patches (Fahrig 2003). Comprehensive
understanding of the effects of native vegetation loss, fragmentation per se, and the matrix on
various aspects of assemblages requires explicit consideration of compositional and
configurational characteristics of landscapes.
I quantified taxonomic, functional, and phylogenetic dimensions of bat biodiversity
within a human-modified landscape. My objectives were two-fold: 1) to identify the
compositional and configurational characteristics of the landscape that best accounted for
variation in each dimension of biodiversity, and 2) to evaluate the extent to which assemblages
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are more or less functionally or phylogenetically similar given empirical species diversity along
a landscape heterogeneity gradient. I expect that TD will be most affected by landscape
characteristics that measure the amount of forest (composition) based on the assumption that
species richness and abundance are positively correlated with resource quantity. Conversely, I
predict FD and PD to be most affected by compositional and configurational characteristics
based on the assumption that diversity of species characteristics is positively correlated with the
diversity of resources. Furthermore, I predict more FD or PD than expected given species
diversity to occur at sites with high landscape complexity and less FD or PD than expected to
occur at sites dominated by anthropogenically modified land cover.

Methods
STUDY AREA AND SITES
Research was conducted in a human-modified landscape in the Caribbean lowlands of
northeastern Costa Rica (Fig. 1). The 160,000 hectare landscape encompasses fragments of wet
tropical forest at various successional stages (e.g. old-growth and secondary forests), a variety of
agricultural plantations (e.g. heart of palm, banana, and pineapple), cattle pastures, and logged
areas. The climate is warm and moist, with relatively constant temperatures throughout the year
(mean daily temperature: 31.0° C; range: 30.2-31.9° C) and appreciable rainfall every month
(mean annual precipitation: 4374.6 mm; range: 2809.3-6164.0 mm; Organization for Tropical
Studies 2012). In general, a drier period occurs from January until late April, with mean monthly
rainfall of 223.7 mm, followed by a wet period from early May to December, with mean monthly
rainfall of 435.0 mm. Nevertheless, the dry and wet seasons during the year of this study (2010)
were less distinct (i.e. mean monthly rainfall was 353.8 mm during the dry season and 431.4 mm
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during the wet season). Because of changes in resource availability and resource requirements of
bats between seasons, analyses were conducted separately for the dry and wet seasons.
Fifteen circular sites (5 km radius) were established across the landscape so that centers
were positioned within forest patches and were separated by at least 3.5 km (Fig. 1). Sites were
initially found using a 2001 land cover map developed by Sesnie et al. (2008). These sites
represent a gradient of forest loss and fragmentation that encompasses the current range in
composition and configuration of land cover in the study area (Table S1, Supporting
Information). Site selection was not stratified or randomized because of limitations associated
with gaining permission from land owners.

BIOLOGICAL SURVEYS AND LANDSCAPE STRUCTURE
Bats were surveyed using ground-level mist nets during the dry season (January to April)
and wet season (May to September) of 2010. Each site was surveyed four times each season. For
each survey, 12 mist nets (12 m x 2.5 m) were opened for six hours from dusk until midnight
(mist nets were inspected every 30 minutes). Mist nets were deployed in trails and flyways in
closed-canopy forest within 1 km of the center of each site. Sampling was not conducted during
the presence of a moon that was ≥ 90% full due to reduced bat activity associated with high lunar
illumination (Morrison 1978) or during severe weather because of health risks to bats from
exposure to low temperatures associated with strong winds or rain. To identify recaptures within
a sampling period, hair was trimmed on the back of each bat before release. The use of groundlevel mist nets, unaccompanied by other sampling methods, effectively samples species from the
family Phyllostomidae (Kalko 1997), but may under-represent other families (Kalko & Handley
2001). Accordingly, analyses were limited to phyllostomids. The protocol for animal use of this
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research was approved by the IACUC at the University of Connecticut (IACUC number: A09014).
Landscape structure was quantified at each site using a land cover map that represented
the landscape of 2011 (see Fagan et al. 2013 for a detailed description of map construction). The
original 13 cover types were reclassified into seven cover types: forest = mature forest, swamp
forest, native reforestation, and exotic tree plantations; cropland = banana, sugarcane, heart of
palm, and pineapple; and pasture, bare soil, urban, water, and masked area were retained as
unique categories. Because only 0.6% of the pixel values of the land cover surrounding the sites
were designated as masked areas (i.e. areas obscured by cloud or Landsat 7 line errors), masked
area was manually changed to other pixel values using the area fill tool in ERDAS IMAGINE
2013. Masked area pixels were changed to the pixel value within which they were embedded or
to pixel values based on a 2005 land cover map of the study area (Fagan et al. 2013).
Five compositional (i.e. percent forest, percent pasture, mean forest patch size, forest
patch density, and Simpson’s diversity of cover types; Table S2, Supporting Information) and
four configurational (i.e. mean forest proximity, mean forest nearest neighbor, mean forest patch
shape, and forest edge density; Table S2, Supporting Information) indices were quantified using
FRAGSTATS version 4 (McGarigal et al. 2012). Composition refers to the proportions of
different types of land cover within a site, whereas configuration specifies the geometric
arrangement of land cover within a site. All indices were quantified using forest as the focal land
cover type, except for percent pasture and Simpson’s diversity of cover types. Spatial patterns
are scale dependent, and the scale at which bats use and respond to the environment is speciesspecific (Gorresen & Willig 2004; Gorresen et al. 2005; Klingbeil & Willig 2009). Thus, all
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landscape characteristics were quantified at each of three spatial scales (circles of 1, 3, or 5 km
radius) to account for interspecific differences in bat home range size and behavior.

QUANTIFICATION OF DIMENSIONS OF BIODIVERSITY
Data
To evaluate TD, bat species abundances were obtained at each site separately for each
season (recaptures were not included in abundance totals). I followed the taxonomy of Simmons
(2005) for classifying the 34 phyllostomid species recorded from the Caribbean lowlands of
northeastern Costa Rica.
FD was estimated using species abundances and two types of data: categorical (binary)
and mensural attributes (Table 1). For each data type, a suite of functional attributes were used to
describe particular niche axes (i.e. functional components). Categorical components were
associated with (1) diet, (2) foraging location, (3) foraging strategy, and (4) roost type. Mensural
components were associated with (1) body size, (2) masticatory mode (i.e. skull characteristics),
and (3) aerodynamic mode (i.e. wing characteristics). These mensural components also reflect
physiological constraints, diet, and foraging behavior, respectively. For each categorical
attribute, a species received a “1” if it exhibited the characteristic or a “0” if it did not exhibit the
characteristic. To best portray the variety of functions performed by a species, all attributes
related to a particular functional component (e.g. all diet attributes) were considered together in
defining the species’ functions. For each mensural attribute, an average value was obtained for
each species based on measurements of multiple male and female adults (≥ 2 individuals).
Information for all functional attributes was derived from the literature and restricted to
records from Central America when possible (Table S3, Supporting Information). Additionally,
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measurements of size attributes were augmented by field measurements from the study area.
Missing mensural data were estimated using linear regression, with mass as the independent
variable and attribute values of other species from the same subfamily. Missing categorical data
were replaced by values from congeners. Only 4.1% of species traits were estimated or replaced
(i.e. 38 of 918 traits). Because the environmental gradient may affect particular functional
components differently, integration of ecological attributes into a single multivariate measure
may obscure important patterns (Spasojevic & Suding 2012; Cisneros et al. 2014). Accordingly,
mean functional differences among species were estimated for each functional component
separately (Table 1), as well as for all functional components combined (each component was
weighted equally despite having unequal number of attributes).
I evaluated PD based on species abundances and branch lengths from a species-level
supertree of bats (Jones et al. 2005). Five of the 34 species were not present in this supertree.
Consequently, the closest congener present in the supertree that was not present in the study area
was substituted for each missing species. Although a number of phylogenetic trees are available
for bats, the supertree developed by Jones et al. (2005) represents the most complete and
accurate tree. Moreover, assessment of PD is robust with respect to variation in the resolution of
nodes near terminal branches of the tree (Webb 2000); therefore variation among trees would not
likely affect conclusions in this study.

Biodiversity indices
At each site, TD was quantified using Simpson’s diversity index (Simpson 1949), and FD
and PD were quantified using Rao’s quadratic entropy (Botta-Dukát 2005). These metrics
facilitate comparison among the three dimensions because Rao’s Q is an extended form of
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Simpson’s index that includes information on species dissimilarities (Simpson’s index considers
all species to be equally distinct). Accordingly, Rao’s Q is the sum of the distances (functional or
phylogenetic) between all possible pairs of species, weighted by the product of their relative
abundances, and conceptually is the abundance-weighted average difference among species
(Weiher 2011). Functional and phylogenetic distances between species were obtained from
pairwise dissimilarity matrices for each of the eight functional approaches (i.e. each of seven
functional components separately and all functional components combined) and for the
phylogenetic approach. Functional pairwise dissimilarity matrices were calculated using the
Gower metric from the R package “clusters” (Maechler et al. 2012). The Gower metric can
quantify dissimilarities when considering categorical and mensural attributes at the same time
(Botta-Dukát 2005). The phylogenetic pairwise dissimilarity matrix was calculated via the
“cophenetic” function of the R package “ape” (Paradis et al. 2004).
To promote meaningful comparisons among dimensions, each metric was transformed
into its effective number of species or Hill numbers (hereafter numbers equivalent). The numbers
equivalent is the number of maximally dissimilar species with equal abundances that is required
to produce the empirical value of a metric (Jost 2006; Villéger et al. 2012). This transformation
facilitates intuitive interpretation of differences among assemblages because indices are
expressed in the same units (Jost 2006). Quantification of Simpson’s index and Rao’s Q as
numbers equivalent was conducted using R functions developed by de Bello et al. (2010).

QUANTITATIVE ANALYSES
Hierarchical partitioning (Chevan & Sutherland 1991) was employed to identify the
landscape characteristics that best accounted for variation in each of the three dimensions of

17

biodiversity at each of six combinations of season (dry and wet) and spatial scale (circles with a
1, 3, or 5 km radius). Many techniques, such as multiple regression, suffer from problems of
collinearity among explanatory variables and the need to specify a priori the form of a model.
Hierarchical partitioning provides a means to minimize the influences of multicollinearity by
considering all possible linear models that involve a suite of explanatory variables and determine
the independent contribution of each explanatory variable to the response variable (Chevan &
Sutherland 1991). The independent contribution is the average improvement in fit upon addition
of a particular variable to a model. Accordingly, the importance of a particular explanatory
variable in accounting for the response variable, independent of other variables, can be
quantified. When multiple related statistical tests are performed, the probability of rejecting the
null hypothesis when it is inappropriate to do so (type I error) increases as the number of tests
increases. Nevertheless, methods that reduce type I errors are conservative and increase type II
errors (Moran 2003), resulting in trade-offs from a design perspective. Furthermore, the decision
for partitioning analyses into subsets for which adjustments in p-values can be undertaken is
controversial (Moran 2003), and the appropriateness of adjustments for multiple tests is still
debated depending on the nature of the study (i.e. hypothesis generating or hypothesis
confirming; Roback & Askins 2005). For exploratory studies or hypothesis generating studies
(such as this one), failure to reject a false null hypothesis has greater repercussions for scientific
advancement than does rejection of a true null hypothesis (Roback & Askins 2005).
Consequently, statistical significance of the independent contribution of each explanatory
variable was determined using a randomization approach with 1000 iterations and an α-level of
0.05 (Mac Nally 2002). Hierarchical partitioning and associated randomization tests were
executed using the R package “hier.part” (Mac Nally & Walsh 2004).
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To evaluate the extent to which FD or PD arose as a consequence of species diversity, I
conducted a suite of randomizations, each comprising 1000 iterations. I used the trial-swap
method (Miklós & Podani 2004) based on a species pool defined as the combined data from all
sites during a particular season in this study. This method provides a means to randomize the
functional or phylogenetic identities of species, while constraining species richness and
abundance distributions (i.e. species diversity) of each site to equal the empirical diversity of the
site and the frequency of occurrence of each species to equal the empirical frequency of each
species in the fauna (the R package “picante”; Kembel et al. 2010). Importantly, species
diversity of sites remained unchanged via this method, but the identity of the species that
contributed to that diversity was randomized within the constraints of the model. Using 1000
randomized matrices, simulated Rao’s Q values were calculated at each site for each
combination of season and functional or phylogenetic approach.
Significance was assessed for the aggregation of sites using a meta-analytical approach to
account for multiple tests. To assess if the aggregation of site probabilities was lower than
expected (P ≤ 0.05), I employed Fisher’s combined probability test (Sokal & Rohlf 1995) using
the R package “MADAM” (Kugler et al. 2010). If the aggregate of site probabilities was
significantly different from that expected, I assessed significance at each site to identify the
degree of landscape modification that most affects FD or PD. At each site, an empirical diversity
value was considered significant if it was greater than or less than 97.5% of the randomized
values (i.e. a two-tailed test). Results were interpreted with regard to a landscape heterogeneity
gradient (Fig. S1, Supporting Information). The position of a site along the heterogeneity
gradient was based on the value of Simpson’s diversity index of land cover (transformed into
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numbers equivalent) at the 5 km focal scale. Sites with higher diversity of land cover had greater
heterogeneity.

PHYLOGENETIC SIGNAL
To facilitate ecological interpretation of phylogenetic patterns, two approaches were used
to measure the strength of phylogenetic signals (i.e. statistical dependence among species’ trait
values due to phylogenetic affinities) of functional attributes (Revell et al. 2008). I used the Dstatistic (Fritz & Purvis 2010) to evaluate evidence of a phylogenetic signal in functional
attributes based on categorical data and Pagel's λ (Pagel 1999; Freckleton et al. 2002) to evaluate
evidence of a phylogenetic signal in functional attributes based on mensural data. Both
approaches compare empirical trait distributions on a phylogenetic tree to simulated distributions
based on a Brownian motion model. Such a model is widely used as a null model of evolution in
testing hypotheses about trait evolution (Felsenstein 1985, 1988). The D-statistic and Pagel’s λ
evaluate if the evolution of traits is independent of phylogeny (i.e. D = 1 or λ = 0) or is consistent
with a model of Brownian motion (i.e. D = 0 or λ = 1). Additionally, the D-statistic evaluates if
the distribution of a trait on a phylogeny is overdispersed (i.e. D > 1) or highly conserved (i.e. D
< 0). If empirical patterns are consistent with a model of Brownian motion, traits reflect a
phylogenetic signal and phylogenetic patterns can be interpreted with regard to those traits. I
excluded categorical attributes that were not present in five or more species from phylogenetic
signal analyses. Tests of phylogenetic signal were calculated with the R package “caper” (Orme
2012).
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Results
Based on 51,840 mist net meter hours per season, I captured 1,293 and 1,158
phyllostomid bats during the dry and wet seasons, respectively. This assemblage comprised 30
species during the dry season and 33 species during the wet season. Most species were caught in
both seasons. One species (i.e. Lonchorhina aurita) was only caught during the dry season and
four species (i.e. Chiroderma villosum, Lampronycteris brachyotis, Lichonycteris obscura, and
Trachops cirrhosus) were only caught during the wet season.
Generally, the effects of landscape characteristics were season and dimension specific;
nevertheless, significant landscape effects on each dimension occurred at all three spatial scales
(circles with a 1, 3, or 5 km radius). During the dry season, variation in TD and PD across sites
was best accounted for by the proportion of pasture and mean forest patch size, such that each
dimension increased with increasing proportions of pasture and forest patch size (Fig. 2, left and
right columns of top panel). Variation in FD based on all functional components (FDall) was best
accounted for by mean forest patch size during the dry season; however, FDall decreased with
increasing forest patch size (Fig. 2, middle column of top panel). Decomposition of FD into
separate functional components revealed considerable heterogeneity of landscape effects on
different ecological characteristics of assemblages during the dry season (Table 2). In general,
diversity of foraging location and foraging strategy attributes were negatively associated with
forest cover and forest patch size, and were positively associated with landscape heterogeneity
(measured by Simpson’s diversity). Diversity of wing morphology was positively associated
with the amount of pasture. The interpretation of the associations between landscape
characteristics and the aforementioned functional components (i.e., foraging location, foraging
strategy and wing morphology) is similar because as pasture increases, forest decreases, and
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even representation of the two cover types results in greater landscape heterogeneity. In addition,
decreasing distances between forest patches promoted diet diversity.
During the wet season, variation in TD was best accounted for by mean forest patch size,
whereas FDall and PD increased as proximity between forest patches and shape irregularity of
forest patches decreased (i.e. increasing compactness of patches; Fig. 2, bottom panel).
Landscape effects on particular functional components were different from those on all
functional components combined. Increasing diet diversity was associated with greater proximity
among forest patches; foraging strategy diversity had a negative association with forest cover
and a positive association with landscape heterogeneity; and skull and wing attributes were more
diverse in areas with greater proportions of pasture (Table 2).
The extent to which PD or FD arose as a consequence of species diversity was quantified
by a randomization approach (Figs. 3 & 4). Assessment of significance of the aggregate of all
independent tests at each site indicated that as a group, assemblages were less phylogenetically
diverse and less functionally diverse (with regard to foraging strategy attributes) than expected
based on empirical species diversity (Figs. 3e & 4a, e). Significant differences at particular sites
occurred when species were more functionally similar than expected in foraging strategy
attributes (Figs. 3e & 4e). However, these differences were not restricted to a particular part of
the landscape heterogeneity gradient.
Phylogenetic signals were significant for all categorical attributes (Table S4, Supporting
Information). However, the signal strength was greater in attributes associated with diet, foraging
strategy, and roost type. In contrast, phylogenetic signal was only significant for 3 of 10
mensural attributes (Table S5, Supporting Information).
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Discussion
DIMENSION-SPECIFIC LANDSCAPE EFFECTS
Unique combinations of landscape characteristics were associated with spatial variation
in each dimension of biodiversity. Regardless of season, variation in TD was best accounted for
by compositional characteristics, whereas variation in FD and PD were best accounted for by a
combination of compositional and configurational characteristics (Fig. 2 & Table 2). This
demonstrates the complex ways in which anthropogenic disturbance can affect different
dimensions of biodiversity.
The positive relationships between TD and forest patch size or proportion of pasture for
bats of Costa Rica were not consistent with landscape effects observed in other Neotropical
localities (Gorresen & Willig 2004, Paraguay; Meyer & Kalko 2008, Panama; Klingbeil &
Willig 2009, 2010, Peru; Avila-Cabadilla et al. 2012, Mexico). Although positive associations
between native vegetation cover and a variety of aspects of TD were consistently observed at
each of the aforementioned Neotropical localities, the relative importance of configurational
characteristics (e.g. distance between forest patches, forest patch shape) and the direction of their
relationships with TD were inconsistent. These contrasting results may arise because of a
combination of differences in the extent of land modification (Pardini et al. 2010), differences in
the permeability and utility of the matrix (i.e. non-forested areas) to bats (Harvey et al. 2006;
Harvey & González Villalobos 2007), or differences in regional species pools. Responses to
landscape configuration are complex. Configurational characteristics affect bat TD at
Neotropical localities with less modification (Klingbeil & Willig 2009, 2010) and with more
modification (Meyer & Kalko 2008) than that observed in the Caribbean lowlands of Costa Rica,
indicating that the extent of land modification does not fully explain differences in relationships
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between landscape characteristics and TD. The matrix (non-forest land cover) varied greatly
among the Neotropical localities, from water to a variety of forms of agriculture and pasture. The
importance of configurational characteristics may be a consequence of their correlation with
characteristics of the matrix. Explicit assessment of the influences of the matrix on TD is needed
to elucidate these landscape effects in future studies.
More importantly, it is critical to recognize that the number and abundance of species
(TD) is an outcome of species assembly processes (Mayfield et al. 2010) that operate on species
characteristics. Because regional species pools differ among the Neotropical localities, the
proportions of different functional and phylogenetic traits of the regional pool likely differ.
Therefore, differences in regional functional and phylogenetic composition can result in different
TD due to ecological filters that promote particular traits alone. Consequently, better
understanding of the association between landscape structure and TD may be realized through
assessment of the effects of human-modified landscapes on functional and phylogenetic aspects
of assemblages.
The identification of landscape effects on the structure of assemblages was dependent on
particular functional components (Table 2). Variation in diversity of body size and roost
attributes were not associated with landscape structure, suggesting that species assembly or
disassembly after landscape modification is not molded primarily by physiological constraints or
roost availability. Conversely, landscape structure was associated with variation in diversity of
diet and foraging behavior attributes. Diet diversity increased with increasing proximity between
forest patches at medium and large spatial scales. This suggests that multiple species from a
number of guilds may be able to cross the matrix to use resources from multiple forest patches if
those patches are in close proximity. Riparian forests and live fences (i.e. barbed fences made of
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live woody species) thread throughout pastures (Harvey et al. 2011) and are associated with
moderate species richness and diversity of bats from a number of feeding guilds (Harvey et al.
2006). These structures may facilitate movement among forest patches and play a critical role in
maintaining many ecosystem services provided by bats in fragmented landscapes.
With respect to how and where species acquire resources, decreasing forest cover and
increasing diversity of land cover types promoted FD. Furthermore, FD based on wing or skull
attributes was associated positively with proportion of pasture. Consequently, areas characterized
with even amounts of forest and pasture (areas with high land cover diversity) promoted a
diversity of attributes associated with foraging behavior (i.e. foraging location/strategy and wing
attributes) and diet (i.e. skull attributes). These diverse landscapes comprise a variety of
environments in addition to forest and pasture, such as edge environments, regenerating forest,
riparian forests, and live fences. Accordingly, a greater variety of resources used by bats are
available in these areas than in areas dominated by forest. Moreover, not all phyllostomid bats
can fly equally well in open or complex environments (Norberg & Rayner 1987). Thus, a diverse
set of species was able to use these diverse landscapes due to a combination of open areas and
dense vegetation.
Variation among sites in FD based on all functional components (FDall) reflects the
interactions of multiple landscape characteristics. Indeed, significant independent effects of
landscape characteristics on FDall were different from those on individual components (Fig. 2 &
Table 2). Although identifying landscape effects using FDall obscured landscape effects on
particular components, this approach may be more practical for landscape management as it
identifies a few landscape characteristics that promote a diversity of characteristics along
multiple niche axes. For bats in the Caribbean lowlands, landscapes associated with relatively
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small forest patches or landscapes associated with more compact-shaped forest patches with
greater distance between patches promoted FDall. In essence, heterogeneous landscapes promote
FDall. Similarly, heterogeneous landscapes promoted many of the individual functional
components.
Phylogenetic relatedness is often used as a proxy for functional similarity (Webb 2000;
Swenson 2013). However, the effectiveness of PD as a surrogate for FDall is dependent on the
strength of the phylogenetic signal exhibited by functional attributes. Not all functional attributes
exhibited a phylogenetic signal (Tables S4 & S5, Supporting Information). Furthermore, PD may
represent differences in attributes that were not measured in this study. As a result, PD was not
consistently a good proxy of FDall (or TD), as variation in PD was affected by landscape
characteristics that influenced TD during the dry season and was affected by landscapes
characteristics that influenced FDall during the wet season (Fig. 2). Because species assembly
processes operate on ecological characteristics, responses of species to environmental variation
may be best captured by functional attributes that were measured (FD) or by characteristics that
were not measured (PD). Accordingly, consideration of all three of dimensions together can
provide a general idea of factors affecting biodiversity, and I use this approach in the following
section.

SEASON-SPECIFIC LANDSCAPE EFFECTS
Influences of landscape characteristics on multiple dimensions of biodiversity were
season specific. During the dry season, diversity for each dimension was greatest in areas with
moderate amounts of forest and pasture (Fig. 2). During the wet season, diversity for each
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dimension was greatest in areas with forest patches that were large and compact in shape (e.g.
square forest patches; Fig. 2).
Seasonal difference in landscape effects may occur because of changes in resource
requirements of bats associated with reproductive phenology or with changes in resource
availability. In the Caribbean lowlands, bat species from a variety of feeding guilds (i.e.
frugivores, nectarivores, and gleaning animalivores) exhibit a peak in pregnancy and lactation
during the mid- to late dry season (Durant et al. 2013). Additionally, bat species that primarily
consume plant material evince a second peak in pregnancy and lactation during the mid-wet
season (Durant et al. 2013). Because reproduction in bats may be more energetically demanding
than in other terrestrial mammals (Kurta et al. 1989), it is critical that such activities coincide
with periods of high food resource productivity and reliability or that bats change their behavior
to meet daily caloric requirements. Flowering by plants used by bats occurs from the mid-wet
season to mid-dry season in the Caribbean lowlands (Tschapka 2004). In addition, the prime
fruiting period occurs during the middle of the wet season (Frankie et al. 1974). Consequently,
the mid- to late dry season offers less quantity and variety of food resources for bats that
consume plant material.
To satisfy energetic demands during the dry season, frugivorous and nectarivorous
species expand their diet to comprise a greater number of fruit species and greater quantities of
arthropods than they do during the wet season (Lopez & Vaughan 2007). To acquire a diversity
of resources, bats may use a greater variety of land cover types during times of low resource
availability, such as the dry season in Costa Rica. Thus, landscapes that comprise a diversity of
environments (e.g. areas with even amounts of forest and pasture, which are associated with
riparian areas, live fences, and edge environment) may have greater bat diversity during the dry
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season than the wet season. In contrast, resources are more plentiful during the wet season, and
core forest may be sufficiently productive to maintain high abundances of species with a variety
of ecological characteristics regardless of energy demands associated with reproduction.

FUNCTIONAL AND PHYLOGENETIC HOMOGENIZATION
Regardless of location on the landscape heterogeneity gradient, assemblages were less
diverse than predicted given empirical species diversity in terms of foraging strategy attributes
during the dry season (Fig. 3e) and in terms of phylogenetic or foraging strategy attributes during
the wet season (Fig. 4a, e). Throughout the human-modified landscape, assemblages were
dominated by species from two sister clades (subfamilies Stenodermatinae and Carollinae) that
have similar diet or foraging strategies. Less PD than the null expectation may be a result of the
effects of the human-modified landscape on diet and foraging strategy attributes, given that these
attributes exhibit stronger phylogenetic signals than do other attributes (Tables S4 & S5,
Supporting Information). Consequently, homogenization of phylogenetic and functional
attributes throughout the human-modified landscape is due to high redundancy of species that
primarily consume fruit and acquire resources via gleaning from surfaces (dry season: 14
gleaning frugivorous species out of 30 species and 962 gleaning frugivorous individuals out of
1,293 individuals; wet season: 15 gleaning frugivorous species out of 33 species and 891
gleaning frugivorous individuals out of 1,158 individuals).
Homogenization from a variety of perspectives has been observed in human-modified
landscapes worldwide. Throughout the New World, declines in functional diversity of mammal
and bird assemblages along forest-agricultural gradients were steeper than expected given
species richness due to a loss of functionally unique species (Flynn et al. 2009). Similarly,
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specialization of taxa in temperate bird and plant assemblages from the Old World decreased
with loss of native vegetation and increasing fragmentation, as generalists replaced specialists
(Devictor et al. 2008; Abadie et al. 2011). Conversely, homogenization with regard to species
composition was not consistently observed across a variety of Old World temperate taxa,
including plants, birds, insects, and arachnids (Dormann et al. 2007). Nevertheless, lack of
homogeneity in composition does not necessarily imply a lack of homogeneity in phylogenetic
or functional characteristics.

SUMMARY AND RECOMMENDATIONS
Decomposition of biodiversity into different dimensions and functional components
facilitates identification of the aspects of assemblages that are most affected by forest conversion
and fragmentation. For bats, attributes associated with diet and foraging behavior are most
affected by variation in the human-modified landscape. Although assemblages throughout most
of the heterogeneity gradient contained redundant species of gleaning frugivores, areas with
intermediate amounts of forest and pasture, and shorter distances between forest patches
promoted a greater variety of functional attributes. Furthermore, areas with large compact forest
patches harbored greater diversity from taxonomic, functional, and phylogenetic perspectives
during the wet season. To increase the likelihood of maintaining ecosystem function within a
human-modified landscape, it is critical that areas characterized with even amounts of forest and
pasture are maintained adjacent to large, compact forest patches (e.g. reserves) so that high
biodiversity is maintained throughout the region and throughout the year.
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Tables
Table 1. Functional attributes that reflect niche axes (functional components) were used to estimate functional
diversity of bat assemblages from the Caribbean lowlands of Costa Rica. Mensural attributes were measured
as described in sources (see Table S3, Supporting Information).
Type of data

Functional component

Attribute

Trait value

Categorical

Diet

Fruit or plant
Nectar or pollen
Invertebrates
Vertebrates
Blood
Canopy
Subcanopy
Understory
Gleaning
Hover
Pounce
Foliage
Bark or roots
Tree hole or termite nest
Man-made structures
Culvert or under large rocks
Cave, tunnels, mines or sewers
Mass
Forearm length
Greatest length of skull
Condylobasal length
Length of maxillary toothrow
Breadth across upper molars
Width across post-orbital constriction
Breadth of braincase
Wing loading
Aspect ratio

0, 1
0, 1
0, 1
0, 1
0, 1
0, 1
0, 1
0, 1
0, 1
0, 1
0, 1
0, 1
0, 1
0, 1
0, 1
0, 1
0, 1
Mean value (g)
Mean value (mm)
Mean value (mm)
Mean value (mm)
Mean value (mm)
Mean value (mm)
Mean value (mm)
Mean value (mm)
Mean value (mm)
Mean value (mm)

Foraging location

Foraging strategy

Roost type

Mensural

Size
Skull

Wing
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Table 2. Landscape characteristics with significant (P ≤ 0.05 ) independent effects on functional diversity based
on separate consideration of each functional component are displayed for each combination of season and scale.
Blank areas indicate non-significant landscape effects. The direction of correlation between the landscape
characteristic and functional diversity is shown by a "+" if positive and a "−" if negative. Codes for landscape
characteristics are: forest, percent forest; size, mean forest patch size; pasture, percent pasture; diversity,
Simpson’s diversity; proximity, mean forest proximity; nearest, mean forest nearest neighbor. Compositional
landscape characteristics are in boldface and configurational characteristics are in italics.
Dry Season
Wet Season
1 KM
3 KM
5 KM
1 KM
3 KM
5 KM
Diet

− Nearest

+ Proximity + Proximity

Foraging location

− Forest

− Forest

Foraging strategy

− Forest

− Size
+ Diversity

− Forest

+ Diversity

+ Diversity

+ Pasture

+ Pasture

Roost type
Size
Skull morphology
Wing morphology

+ Pasture
+ Pasture

+ Pasture

+ Pasture
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+ Pasture

Figure Legends
Figure 1. Location of the 15 sampling sites (black dots) within the study landscape represented
by a 2011 land cover map. Location of the study landscape (black rectangle) in Costa Rica is
displayed in the upper-left corner of the land cover map.

Figure 2. The percent independent effect of each landscape characteristic derived by hierarchical
partitioning on each dimension of biodiversity (taxonomic, TD; functional, FDall; phylogenetic,
PD) for each combination of season and scale. Functional diversity is based on all attributes,
with each functional component weighted equally. Phylogenetic diversity is based on a supertree
(Jones et al. 2005). For each combination, compositional characteristics are grouped to the left
(percent forest,

; mean forest patch size,

Simpson’s diversity of land cover,
(mean forest proximity,
edge density,

; forest patch density,

; percent pasture,

;

) and configurational characteristics are grouped to the right

; mean forest nearest neighbor,

; mean forest patch shape,

; forest

). Significant results (P ≤ 0.05) are indicated by a circle with a positive or

negative sign that indicates the direction of the correlation between the dimension of biodiversity
and the landscape characteristic.

Figure 3. Results from the randomization approach for the dry season evaluating the degree to
which phylogenetic or functional dimensions of biodiversity at each site differed from those
expected given empirical species diversity. Empirical values (circles) and mean values from
randomizations (squares) of phylogenetic and functional dimensions of biodiversity are values of
Rao’s Q transformed as numbers equivalents. Error bars indicate the upper and lower 95%
confidence limits. Empirical values that are greater or less than 97.5% of the randomized values
39

are highlighted in gray. Sites are organized along a landscape heterogeneity gradient (Fig. S1,
Supporting Information). Fisher’s combined probability test statistic (S) and associated
significance are reported in the right-hand corner. Significant results are in boldface (P ≤ 0.05).

Figure 4. Results from the randomization approach for the wet season evaluating the degree to
which phylogenetic or functional dimensions of biodiversity at each site differed from those
expected given empirical species diversity. Empirical values (circles) and mean values from
randomizations (squares) of phylogenetic and functional dimensions of biodiversity are values of
Rao’s Q transformed as numbers equivalents. Error bars indicate the upper and lower 95%
confidence limits. Empirical values that are greater or less than 97.5% of the randomized values
are highlighted in gray. Sites are organized along a landscape heterogeneity gradient (Fig. S1,
Supporting Information). Fisher’s combined probability test statistic (S) and associated
significance are reported in the right-hand corner. Significant results are in boldface (P ≤ 0.05).
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Figure 2
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Figure 3 continued
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Figure 3 continued
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Figure 4
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Figure 4 continued
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Figure 4 continued
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Table S1. Mean, standard deviation (SD), and range of each of nine landscape characteristics quantified at each of three focal scales (i.e. circles with a 1 km, 3 km,
or 5 km radius) for sites in the Caribbean lowlands of Costa Rica (for definitions, formulae, and units of landscape metrics, see Table S2, Supporting Information).
1 KM
3 KM
5 KM
Mean
SD
Range
Mean
SD
Range
Mean
SD
Range
Composition
Percent forest
57.94
30.39 9.78 - 100.00
49.41
21.70 10.05 - 88.55
48.63
14.69 22.49 - 70.96
Percent pasture
28.75
23.08 0.00 - 77.80
37.61
16.72 10.09 - 70.55
39.68
10.86 25.00 - 60.15
Mean forest patch size
81.95
100.19 2.59 - 313.65
68.25
75.33 4.47 - 278.17
45.31
25.64 7.66 - 96.07
Forest patch density
1.82
1.67 0.32 - 6.68
1.41
1.00 0.32 - 4.32
1.32
0.58 0.74 - 3.09
Simpson's diversity
0.37
0.17 0.00 - 0.60
0.50
0.11 0.21 - 0.69
0.55
0.07 0.43 - 0.70
Configuration
Mean forest proximity
96.98
128.46 0.00 - 408.63
752.85
758.58 8.59 - 2630.11
1300.00 1120.79 71.91 - 3361.66
Mean forest nearest neighbor 117.16
82.31 0.00 - 336.51
116.13
19.86 90.58 - 159.94
110.42
10.77 96.30 - 136.28
Mean forest patch shape
1.88
0.44 1.11 - 2.87
1.98
0.19 1.67 - 2.35
1.99
0.09 1.91 - 2.20
Forest edge density
40.07
20.07 0.00 - 72.85
46.40
14.99 17.66 - 69.50
48.46
9.58 33.95 - 62.70

Supporting Information
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Forest edge density

Mean forest patch shape

Mean forest nearest neighbor

Mean forest proximity

Configuration

Simpson's diversity

Forest patch density

Mean forest patch size

Percent forest/pasture

Composition
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Formula

2

2

Measures landscape heterogeneity by considering proportions
of all land cover types within a focal scale.

Number of forest patches divided by total area of the focal
scale (multiplied 10,000 and 100 to convert to 100 hectares).

Average area of all forest patches (divided by 10,000 to
convert to hectares) within a focal scale.

Percent of the total area of the focal scale occupied by a
particular land cover type (i.e. forest or pasture).

Description

landscape area (m ).

2

eik, total length (m) of edge of all patches type i; A, total

ni, number of patches of land cover type i.

2

pij, perimeter (m) of patch ij; aij, area (m ) of patch ij;

of type i, based on patch edge-to-edge distance; ni, number
of patches type i.

hij, distance (m) between patch ij and nearest neighbor patch

Total length of edge of forest patches divided by total area of
the focal scale (multiplied by 10,000 to convert to hectares).

Average of forest patch perimeter divided by square root of
patch area, adjusted by a constant to adjust for a square
standard, within a focal scale.

Average minimum edge-to-edge distance between all possible
pairwise patches of forest in a focal scale.

aijs, area (m ) of patches ijs within focal scale; hijs, distance
Average of the sum of forest patch area divided by the edge-toedge distance squared between the focal patch and the nearest
(m) between patch ijs and nearest neighbor patch ijs, based
on patch edge-to-edge distance; ni, number of patches type i. patch for all forest patches within a focal scale.

2

Pi, proportion of landscape occupied by land cover type i.

area (m ).

2

ni, number of patches of land cover type i; A, total landscape

2

aij, area (m ) of patch ij; ni, number of patches of land cover
type i.

aij, area (m ) of patch ij; A, total landscape area (m ).

Variables

Table S2. Indices that quantified landscape structure at each of three focal scales for each of the 15 sampling sites based on a 2011 land cover map.
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Foraging location

Foraging strategy

Roost type

Size

Skull

Wing

Source

Diet

Functional
component

Table S3. Sources of information for functional attributes of bat species were compiled from the literature and supplemented with data obtained from field measurements from the Caribbean lowlands of northeastern Costa Rica.

Table S4. Phylogenetic signal (D ) present in categorical functional attributes of the 34 phyllostomid
species from the Caribbean lowlands of Costa Rica. N indicates the number of species that
exhibited the attribute. We excluded categorical attributes that were not present in five or more
species from phylogenetic signal analyses. D = 1 indicates that traits are randomly distributed on
the phylogenetic tree. D = 0 indicates that traits are distributed as predicted by a Brownian motion
model of evolution. D > 1 indicates overdispersion of traits on the phylogenetic tree. D < 0
indicates highly conserved traits. Traits that are consistent with a model of Brownian motion or are
highly conserved are in boldface (P > 0.05).
Functional component
Attribute
Diet
Fruit or plant
Nectar or pollen
Invertebrates

N
27
14
24

D
-0.28
-0.07
-0.79

P (D = 0)
0.658
0.587
0.861

Foraging location

Canopy
Subcanopy
Understory

15
26
23

0.64
0.63
0.71

0.173
0.238
0.181

Foraging strategy

Gleaning
Hover

28
5

-3.13
-4.09

0.999
0.997

Roost type

Foliage
Tree hole or termite nest
Man-made structures
Cave, tunnels, mines or sewers

14
23
8
15

-1.73
-0.35
0.96
-0.59

0.995
0.711
0.115
0.801
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Table S5. Phylogenetic signal (λ) present in mensural functional attributes of the 34 phyllostomid
species from the Caribbean lowlands of Costa Rica. λ = 0 indicates that evolution of traits is
independent of phylogeny; λ = 1 indicates that distribution of traits in a phylogeny is consistent
with a model of Brownian motion. Values of λ between 0 and 1 indicate that traits have evolved
according to a process in which the effect of phylogeny is weaker than in the Brownian model.
Significant phylogenetic signals are in boldface (P ≤ 0.05).
Functional component
Attribute
Size
Mass
Forearm length

λ
1.00
1.00

P (λ = 0)
0.148
0.004

Skull

Greatest length of skull
Condylobasal length
Length of maxillary toothrow
Breadth across upper molars
Width across post-orbital constriction
Breadth of braincase

0.31
0.16
0.58
0.91
1.00
1.00

0.446
0.849
0.504
< 0.001
0.003
0.095

Wing

Wing loading
Aspect ratio

1.00
0.00

0.271
1.000
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Figure S1. Position of sites along a landscape heterogeneity gradient (indicated by the numerical
site codes in left panel) was based on Simpson’s diversity index of land cover (i.e. forest,
cropland, pasture, bare soil, urban, and water) quantified at the 5 km scale. Diversity values are
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Sites codes

11

Forest
Urban

12

9

5

8

2

7

14

4

15

10

3

Cropland
Water

in units of numbers equivalents. Codes are used to label sites on the landscape map (right panel).

CHAPTER TWO
SEASON-SPECIFIC AND GUILD-SPECIFIC EFFECTS OF ANTHROPOGENIC LANDSCAPE
MODIFICATION ON METACOMMUNITY STRUCTURE OF TROPICAL BATS
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Abstract
Fragmentation per se due to human land conversion is a meso-scale phenomenon.
Accordingly, assessment of distributional patterns across a suite of potentially connected sites
(i.e. metacommunity structure) is an appropriate approach for understanding the effects of
landscape modification, and complements the plethora of studies that have assessed the effects of
landscape modification on local community structure. To date, metacommunity structure within
a human-modified landscape has been assessed with regard to nestedness along a species
richness gradient. This is problematic because many alternative patterns are possible, and there is
little empirical or theoretical support that species richness gradients are associated with the
primary factors molding species distributions. As such, I determined the best-fit metacommunity
structure of a Neotropical bat assemblage (phyllostomids) and two consistent ensembles
(frugivores and gleaning animalivores) within a human-modified landscape. Furthermore, I
identified the landscape characteristics associated with the latent gradient underlying
metacommunity structure. I discriminated among multiple metacommunity structures by
assessing coherence, range turnover, and boundary clumping of an ordinated site-by-species
matrix. Hierarchical partitioning was employed to identify the landscape characteristics
associated with the latent gradient (site arrangement along the first ordination axis) underlying
metacommunity structure. Analyses were conducted for each season (dry and wet) separately.
Regardless of species group or season, metacommunity structure was never nested nor
structured along a richness gradient. The phyllostomid assemblage and frugivore ensemble
exhibited Gleasonian structure (range turnover occurred idiosyncratically along a common
gradient) during the dry season and Clementsian structure (range turnover and shared boundaries
occurred along a common gradient) during the wet. Distance between forest patches and forest
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edge density structured the phyllostomid metacommunity during the dry season and wet season,
respectively. Proportion of pasture and forest patch density structured the frugivore
metacommunity only during the dry season. Gleaning animalivores exhibited checkerboard
structure (mutually exclusive species-pairs) during the dry season and random structure during
the wet season. These findings demonstrate how landscape characteristics and seasonal variation
in resource availability interact to affect the distributional patterns of species in a guild-specific
and season-specific manner.
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Introduction
Human-modified landscapes (i.e. landscapes comprising a mosaic of land converted for
human use and native vegetation) occupy over 77% of the terrestrial biosphere (Ellis et al. 2010).
These landscapes are increasing in extent in the tropics, where forest loss has continued to
increase over the past decade (Hansen et al. 2013). In addition, the proportion and arrangement
of land cover types (e.g. agricultural land, pasture, regenerating forest) in tropical landscapes
frequently change due to increasing and shifting demands for natural resources, developing
infrastructure, and changing land-use policy (Mayaux et al. 2005; Fagan et al. 2013). Responses
of biota to these spatially complex and temporally dynamic landscapes depend on the
connectivity among patches of native vegetation, or on the permeability and resource
characteristics of anthropogenically-produced land cover. Loss of connectivity among resource
patches will affect not only local community structure, but also large-scale patterns and
dynamics of interacting populations and communities.

MESO-SCALE ECOLOGY
Most investigations of the effects of human-modified landscapes on species assembly or
disassembly have focused on local variation in species richness, diversity or composition (Fahrig
2003; Sodhi & Ehrlich 2010). By focusing on the local scale (the scale of a community), effects
of processes that operate at the landscape scale (e.g. environmental heterogeneity, landscape
connectivity, dispersal limitation; Leibold 2011), as well as cross-scale interactions (Peters et al.
2004) are ignored. Assessment of metacommunity structure (i.e. distributional patterns across a
suite of sites that are potentially connected through dispersal; Wilson 1992; Leibold &
Mikkelson 2002) is an appropriate approach for understanding the effects of landscape
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modification on ecological communities that complements local scale approaches at the
community level.
Many models of metacommunity structure (checkerboard, Diamond 1975; nested,
Patterson & Atmar 1986; Clementsian, Clements 1916; Gleasonian, Gleason 1926; evenly
spaced, Tilman 1982) have been recognized (Leibold & Mikkelson 2002). Originally, these
distributional patterns were individually evaluated to explore the operation of particular
structuring mechanisms. For example, mutually exclusive species-pairs that respond
independently to a gradient with regard to other such species-pairs (i.e. checkerboard pattern)
suggest that interspecific competition may strongly structure the metacommunity. Nested
structures in which species with narrow environmental ranges are embedded within the ranges of
more broadly distributed species may arise because of species-specific differences in dispersal
ability, extinction risk, or habitat specialization (Wright et al. 1998). Similarly, structures that are
characterized by replacement of species distributions with other species distributions along an
environmental gradient (e.g. Gleasonian, Clementsian, evenly-spaced distributions) may arise
due to differential performances in different environments or niche tradeoffs.

FOREST LOSS AND FRAGMENTATION GRADIENT
The effects of forest loss and fragmentation on metacommunity structure have been
assessed in terms of nestedness (Cutler 1991; Atmar & Patterson 1993; Fischer & Lindenmayer
2005; Meyer & Kalko 2008; Hill et al. 2011; Menezes & Fernandez 2013) along gradients of
species richness. Although nested structures are commonly detected in human-modified
landscapes (Whittaker 1992; Louzada et al. 2010; Hill et al. 2011), two constraints of common
nestedness approaches limit interpretations. First, most approaches limit comparisons to nested
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structure versus non-nested structure. This is problematic because empirical structure is assigned
to one of two categories when a number of alternative patterns are possible. Second, most
approaches evaluate structure along an environmental gradient that is identified a priori. Most
often species richness is assumed to be the gradient of interest (Atmar & Patterson 1993);
although a few studies have explored other environmental gradients, such as forest patch size or
forest patch isolation (Mac Nally et al. 2002; Louzada et al. 2010). Richness-based gradients are
linked to island biogeography theory and the species-area relationship, in which larger islands (or
forest patches) support more species than do smaller islands or patches. Unlike the situation for
oceanic island systems, land cover surrounding forest patches (i.e. the matrix) in humanmodified landscapes are not completely inhospitable to biota, and the degree of permeability and
resource availability in such matrix environments are species-specific (Kupfer et al. 2006;
Perfecto & Vandermeer 2008). Consequently, forest patch size and isolation may not be the only
factors affecting metacommunity structure, as other landscape characteristics (e.g. mix of land
cover types surrounding forest) affect resource availability and patch connectivity. For many
taxa, especially those in tropical environments, landscape characteristics that most affect species
distributions are poorly understood; consequently, a priori decisions about the identity of
dominant gradients may be poorly supported by empirical or theoretical evidence.
The analytical methods of Leibold & Mikkelson (2002) and the conceptual framework of
Presley et al. (2010) provide a means to simultaneously discriminate among a number of
metacommunity structures along a latent environmental gradient. Moreover, this approach does
not require a priori identification of salient environmental factors to which constituent species
respond. Although a number of studies have employed this approach, most have been conducted
at continental or regional scales or along elevational gradients (Presley & Willig 2010; Keith et
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al. 2011; Willig et al. 2011; Lόpez-González et al. 2012; Presley et al. 2012). To date, no study
has distinguished among multiple alternative metacommunity structures in a human-modified
landscape.

STUDY TAXON
Bats are useful for assessing the effects of human-modified landscapes on ecological
characteristics of assemblages because they are diverse from taxonomic and functional
perspectives with respect to other mammalian groups (Patterson et al. 2003). In the Neotropics,
bats are generally the most species-rich and locally abundant mammalian group, comprise
species from a variety of feeding guilds (e.g. frugivores, gleaning animalivores), and vary greatly
in dispersal abilities. Moreover, bats provide important ecological services, such as seed
dispersal, pollination, and regulation of insect populations (Kunz et al. 2011). A few studies have
detected nested structure for bats within fragmented landscapes using nestedness approaches
based on richness gradients (Meyer & Kalko 2008; Struebig et al. 2008). It remains to be tested
whether nested structures are the best-fit model for bats when multiple structures are considered
simultaneously.
I determined the best-fit metacommunity structure for an assemblage of Neotropical bats
(family Phyllostomidae) and for two of its constituent ensembles (frugivores and gleaning
animalivores) within a landscape characterized by forest loss and fragmentation. Additionally, I
identify the landscape characteristics that were associated with the latent environmental gradient
underlying metacommunity structure. Because many ecological aspects of bat assemblages
change between seasons (Klingbeil & Willig 2010), I assessed metacommunity structure and the
underlying landscape drivers for the dry season and wet season, separately.
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Methods
STUDY AREA AND SITES
Research was conducted in a human-modified landscape in the Caribbean lowlands of
northeastern Costa Rica (Fig. 1). The 160,000 hectare landscape encompasses fragments of wet
tropical forest at various successional stages (e.g. old-growth and secondary forests), a variety of
agricultural plantations (e.g. heart of palm, banana, and pineapple), cattle pastures, and logged
areas. The climate is warm and moist, with relatively constant temperatures throughout the year
(mean daily temperature: 31.0° C; range: 30.2-31.9° C) and appreciable rainfall every month
(mean annual precipitation: 4374.6 mm; range: 2809.3-6164.0 mm; Organization for Tropical
Studies 2012). In general, a drier period occurs from January until late April, with mean monthly
rainfall of 223.7 mm, followed by a wet period from early May to December, with mean monthly
rainfall of 435.0 mm. Nevertheless, the dry and wet seasons during the year of this study (2010)
were less distinct (i.e. mean monthly rainfall was 353.8 mm in the dry season and 431.4 mm in
the wet season).
Fifteen circular sites (5 km radius) were established across the landscape so that centers
were positioned within forest patches and were separated by at least 3.5 km (Fig. 1). Sites were
initially found using a 2001 land cover map developed by Sesnie et al. (2008). These sites
represent a gradient of forest loss and fragmentation that encompasses the current range in
composition and configuration of land cover in the study area (Table S1, Supporting
Information). Site selection was not stratified or randomized because of limitations associated
with gaining permission from land owners.
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BIOLOGICAL SURVEYS AND LANDSCAPE STRUCTURE
Bats were surveyed using ground-level mist nets during the dry season (January to April)
and wet season (May to September) of 2010. Each site was surveyed four times each season. For
each survey, 12 mist nets (12 m x 2.5 m) were opened for six hours from dusk until midnight
(mist nets were inspected every 30 minutes). Mist nets were deployed in trails and flyways in
closed-canopy forest within 1 km of the center of each site. Sampling was not conducted during
the presence of a moon that was ≥ 90% full due to reduced bat activity associated with high lunar
illumination (Morrison 1978) or during severe weather because of health risks to bats from
exposure to low temperatures associated with strong winds or rain. To identify recaptures within
a sampling period, hair was trimmed on the back of each bat before release. The use of groundlevel mist nets, unaccompanied by other sampling methods, effectively samples species from the
family Phyllostomidae (Kalko 1997), but may under-represent other families (Kalko & Handley
2001). Accordingly, analyses were limited to phyllostomids. The protocol for animal use of this
research was approved by the IACUC at the University of Connecticut (IACUC number: A09014).
Landscape structure was quantified at each site using a land cover map that represented
the landscape of 2011 (see Fagan et al. 2013 for a detailed description of map construction). The
original 13 cover types were reclassified into seven cover types: forest = mature forest, swamp
forest, native reforestation, and exotic tree plantations; cropland = banana, sugarcane, heart of
palm, and pineapple; and pasture, bare soil, urban, water, and masked area were retained as
unique categories. Because only 0.6% of the pixel values of the land cover surrounding the sites
were designated as masked areas (i.e. areas obscured by cloud or Landsat 7 line errors), masked
area was manually changed to other pixel values using the area fill tool in ERDAS IMAGINE
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2013. Masked area pixels were changed to the pixel value within which they were embedded or
to pixel values based on a 2005 land cover map of the study area (Fagan et al. 2013).
Five compositional (i.e. percent forest, percent pasture, mean forest patch size, forest
patch density, and Simpson’s diversity of cover types; Table S2, Supporting Information) and
four configurational (i.e. mean forest proximity, mean forest nearest neighbor, mean forest patch
shape, and forest edge density; Table S2, Supporting Information) indices were quantified using
FRAGSTATS version 4 (McGarigal et al. 2012). Composition refers to the proportions of
different types of land cover within a site, whereas configuration specifies the geometric
arrangement of land cover within a site. All indices were quantified using forest as the focal land
cover type, except for percent pasture and Simpson’s diversity of cover types. Spatial patterns
are scale dependent, and the scale at which bats use and respond to the environment is speciesspecific (Gorresen & Willig 2004; Gorresen et al. 2005). Thus, all landscape characteristics were
quantified at each of three spatial scales (circles of 1, 3, or 5 km radius) to account for
interspecific differences in bat home range size and behavior.

QUANTITATIVE ANALYSES
Metacommunity structure
Using the analytical methodologies of Leibold & Mikkelson (2002) and Presley et al.
(2010), I evaluate metacommunity structure for the phyllostomid assemblage, the frugivore
ensemble, and the gleaning animalivore ensemble during the dry and wet seasons, separately.
Structure was determined via assessment of coherence, species range turnover, and boundary
clumping of an ordinated site-by-species incidence matrix (Fig. 2). To simultaneously optimize
the proximity of sites with similar species compositions and the proximity of species with similar
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environmental distributions, both empirical and null matrices were ordinated via reciprocal
averaging. The arrangement of sites along the first axis of ordination represents a latent
environmental gradient that molds species distributions (Gauch 1982; Leibold & Mikkelson
2002). Consequently, no a priori assumptions are needed concerning the environmental factors
to which species respond.
Coherence was evaluated by comparing the number of embedded absences in the
ordinated empirical incidence matrix to a distribution of embedded absences derived from 1000
ordinated null matrices. I employed a null model that constrained species richness of each site to
be equal to empirical species richness and allowed species occurrences to be equiprobable. This
null model creates a biologically realistic null space for the analysis of coherence and has more
desirable combination of Type I and Type II error properties than do alternative models (Gotelli
2000; Presley et al. 2010).
Non-significant coherence (empirical embedded absences not ≤ or ≥ 97.5% of null
values) characterizes random distributions (Fig. 2), indicating that the preponderance of species
are not responding to a common environmental gradient. Negative coherence (i.e. more
embedded absences than expected by chance) is the defining characteristic of checkerboards
(Fig. 2; Tilman 1982) which results from mutually exclusive species-pairs that respond
independently to the gradient with regard to other such species-pairs. Fewer embedded absences
than expected by chance indicate positive coherence. A positively coherent metacommunity
signifies that species distributions arise in response to a common environmental gradient. If the
metacommunity exhibits positive coherence, embedded absences were filled in (i.e. replaced by
1s), and turnover and boundary clumping were assessed subsequently.
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Species range turnover was quantified by counting the number of replacements of one
species by another, considering all possible pairs of species in an ordinated matrix. Significance
was determined by comparing the number of empirical replacements to a distribution of like
values from 1000 null matrices, constructed by randomly shifting ranges. Less turnover than
97.5% of null values (i.e. negative turnover) is indicative of nested subsets (Fig. 2). In a nested
metacommunity, most species are present at one end of the gradient and species are
progressively lost towards the other end of the gradient. Conversely, positive range turnover (i.e.
more turnover than 97.5% of null values) is a characteristic of Clementsian, Gleasonian, and
evenly spaced distributions (Fig. 2).
Clumping of species distributional boundaries was assessed using Morisita’s index (I;
Hurlbert 1990). Significance was determined by a χ2 test that compared the empirical distribution
of boundaries to an expected uniform distribution. Significantly and positively clumped
boundaries are signaled by a significant χ2 test with I > 1, whereas hyper-dispersed boundaries
(significant negative clumping) are signaled by a significant χ2 test with I < 1. Species
distributions that occur independently and idiosyncratically with respect to each other are
indicated by a non-significant χ2 test with I ~ 1. The degree of boundary clumping distinguishes
among Clementsian, Gleasonian, and evenly spaced distributions (Fig. 2). Analyses of
coherence, species range turnover, and boundary clumping were conducted with algorithms
written in Matlab 7.5.0.342 (script files for Matlab are available at
http://www.tarleton.edu/~higgins/EMS.htm) and site component scores of the primary axis of
ordination were derived from the correspondence analysis option in Minitab 16.

66

Assessment of the underlying environmental gradient
Hierarchical partitioning (Chevan & Sutherland 1991) was employed to identify the
landscape characteristics that were associated with the latent environmental gradient underlying
metacommunity structure (represented by the site component scores of the first ordination axis
from reciprocal averaging) for metacommunities that exhibited positive coherence. Many
regression techniques, such as multiple regression, suffer from problems of collinearity among
explanatory variables and the need to specify a priori the form of a model. Hierarchical
partitioning provides a means to minimize the influences of multicollinearity by considering all
possible linear models that involve a suite of explanatory variables and determine the
independent contribution of each explanatory variable to the response variable (Chevan &
Sutherland 1991). The independent contribution is the average improvement in fit upon addition
of a particular variable to a model. Accordingly, the importance of a particular explanatory
variable in accounting for the response variable, independent of other variables, can be
quantified. For each combination of season (dry and wet) and spatial scale (circles with a 1, 3, or
5 km radius), analyses were conducted separately for the phyllostomid assemblage, the frugivore
ensemble, and gleaning animalivore ensemble.
When multiple related statistical tests are performed, the probability of rejecting the null
hypothesis when it is inappropriate to do so (type I error) increases as the number of tests
increases. Nevertheless, methods that reduce type I errors are conservative and increase type II
errors (Moran 2003), resulting in trade-offs from a design perspective. Furthermore, the decision
for partitioning analyses into subsets for which adjustments in p-values can be undertaken is
controversial (Moran 2003), and the appropriateness of adjustments for multiple tests is still
debated depending on the nature of the study (i.e. hypothesis generating or hypothesis
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confirming; Roback & Askins 2005). For exploratory studies or hypothesis generating studies
(such as this one), failure to reject a false null hypothesis has greater repercussions for scientific
advancement than does rejection of a true null hypothesis (Roback & Askins 2005).
Consequently, statistical significance of the independent contribution of each explanatory
variable was determined using a randomization approach with 1000 iterations and an α-level of
0.05 (Mac Nally 2002). Hierarchical partitioning and associated randomization tests were
executed using the R package “hier.part” (Mac Nally & Walsh 2004).

Results
Based on 51,840 mist net meter hours per season, I captured 1,293 and 1,158
phyllostomid bats during the dry and wet seasons, respectively. During the dry season, this
assemblage comprised 30 species: 14 were frugivores and 10 were gleaning animalivores.
During the wet season, the phyllostomid assemblage comprised 33 species: 15 were frugivores
and 11 were gleaning animalivores. Most species were caught in both seasons. One species
(gleaning animalivore, Lonchorhina aurita) was only caught during the dry season and four
species (frugivore, Chiroderma villosum; gleaning animalivore, Lampronycteris brachyotis,
Trachops cirrhosus; and nectarivore, Lichonycteris obscura) were only caught during the wet
season.
Regardless of season, the phyllostomid assemblage and the frugivore ensemble exhibited
positive coherence and positive range turnover, whereas the gleaning animalivore ensemble was
never coherent with fewer embedded absences than expected by chance (Table 1). Positive
turnover indicates that sites at opposite ends of the latent gradient have different species
compositions. For the phyllostomid and frugivore metacommunities, sites at one end of the
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gradient were associated with low to moderate landscape modification (e.g. areas dominated by
forest) and sites at the opposite end of the gradient were associated with moderate to high
landscape modification (e.g. areas with a diversity of forest and anthropogenically-produced land
cover; Fig. 3a, b, d, e). With regard to the phyllostomid assemblage, a number of gleaning
animalivores generally were restricted to less modified or highly forested sites (Table 2).
Conversely, a number of frugivores and nectarivores were restricted to more modified sites
(Table 2).
Metacommunity structure differed between seasons for the phyllostomid assemblage as
well as for each of the two ensembles (Table 1). A transition from Gleasonian structure during
the dry season to Clementsian structure during the wet season characterized the phyllostomid
assemblage and frugivore ensemble. In contrast, a transition from checkerboard pattern during
the dry season to random structure during the wet season characterized the gleaning animalivore
ensemble.
In addition to the Gleasonian-Clementsian transition, seasonal changes occurred in the
phyllostomid metacommunity with regard to the positioning of feeding ensembles along the
latent gradient as well as with respect to the size of species ranges (Fig. 3a, d). During the dry
season, species of gleaning animalivore primarily resided at sites with low to moderate landscape
modification at one end of the gradient, whereas frugivorous and nectarivorous species primarily
resided at sites with moderate to high landscape modification at other end of the gradient (Fig.
3a). Conversely, species were more evenly distributed along the latent gradient during the wet
season regardless of ensemble (Fig. 3d). Additionally, species ranges generally encompassed a
greater number of sites during the dry season than they did during the wet season (Fig. 3a, d).
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The relationships between the latent environmental gradients (represented by site
component scores of the first ordination axis) and landscape characteristics were group and
season specific (Table 3). Configurational characteristics consistently best represented the
underlying gradient of the phyllostomid metacommunity; distances between forest patches were
important during the dry season and the density of forest edges was important during the wet
season. Conversely, compositional characteristics best represented the latent gradient of the
frugivore metacommunity; proportion of pasture and density of forest patches were important
during the dry season. No landscape characteristic significantly accounted for the latent gradient
underlying the frugivore metacommunity during the wet season.

Discussion
NON-NESTED STRUCTURE WITHIN A HUMAN-MODIFIED LANDSCAPE
Nested subsets did not manifest for the phyllostomid assemblage or for two of its
constituent ensembles. This is contradictory to findings that have arisen from common
nestedness analyses for a variety of taxa, including bats, within human-modified landscapes
(Whittaker 1992; Meyer & Kalko 2008; Struebig et al. 2008; Louzada et al. 2010; Hill et al.
2011). For nested assemblages to occur at least three conditions must be met: (1) a common
source of species or common evolutionary history of sites, (2) similar vegetative structure at
sites, and (3) hierarchical organization of niche relationships of species (Patterson & Brown
1991; Wright et al. 1998). Given the absence of appreciable latitudinal or elevational variation
within the study landscape, and that sites occurred within forest with closed canopies, conditions
1 and 2 are likely met.
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Conversely, non-hierarchical organization of niche relationships of species due to
differences in preferred habitat may be a reason for the lack of nestedness. Originally, tropical
wet forest was the primary habitat of phyllostomid bats before major anthropogenic modification
of the landscape in the Caribbean lowlands of Costa Rica. However, in the contemporary humanmodified landscape, dependence on forest varies among species because many critical resources
may be obtained from human-impacted environments. In particular, forest edge environments
increase abundance of early successional plants used by bats (Lobova et al. 2003; Thies & Kalko
2004), pastural lands are associated with an increase in cattle (a prey source for the common
vampire bat, Desmodus rotundus; Wilkinson 1985), and agriculture offers a variety of fleshy
fruits, pollen or nectar that are consumed by bats (Harvey & González Villalobos 2007).
Consequently, nested subsets did not form as sites with greater anthropogenic modification
comprised species not found at less modified sites and vice versa.
Moreover, nested metacommunity structure will only arise if the latent gradient molding
species distributions is correlated with a species richness gradient. For a variety of systems and
taxa, factors dictating the number of species in an assemblage are often not the same as those that
affect the identity of species in an assemblage (e.g. Stevens et al. 2003; Mayfield et al. 2005;
Cisneros et al. 2014). Indeed, the latent gradients underlying metacommunity structure of the
phyllostomid assemblage, the frugivore ensemble, and the gleaning animalivore ensemble were
not correlated with a richness gradient during the dry season (all phyllostomids — ρ = 0.14, P =
0.60; frugivores — ρ = 0.22, P = 0.44; animalivores — ρ = 0.38, P = 0.16; Fig. 3a, b, c) or the
wet season (all phyllostomids — ρ = 0.32, P = 0.24; frugivores — ρ = 0.28, P = 0.31;
animalivores — ρ = -0.17, P = 0.57; Fig. 3d, e, f). This further demonstrates that assessment of
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metacommunity structure along an a priori species richness gradient may obscure the factors
molding species distributions and provide misleading insight about meso-scale patterns.

PHYLLOSTOMID ASSEMBLAGE
In both seasons, the phyllostomid metacommunity was structured along the latent
gradient such that particular species were associated with less modified sites (e.g. sites
dominated by forest land cover) at one end of the gradient and other species were associated with
more modified sites (e.g. sites with a diversity of forest and anthropogenic land cover) at the
opposite end of the gradient (Fig. 3a, d). In general, gleaning animalivores were associated with
less modified or highly forested sites, whereas frugivores and nectarivores were associated with
sites with more anthropogenic land cover (Table 2). These associations between particular bat
ensembles and degrees of landscape modification have been documented throughout the
Neotropics. Gleaning animalivores are commonly associated with the complex vegetation
structure of old-growth or late successional forest, whereas frugivores and nectarivores often
exhibit high abundances in moderately disturbed areas or agroforestry crop systems (Fenton et
al. 1992; Medellín et al. 2000; García-Morales et al. 2013). Negative responses to landscape
modification by gleaning animalivores (e.g. reduced frequency of occurrence) may be due to
limited prey availability near forest edges (Meyer et al. 2008), loss of a complex understory that
provides prime foraging environment (Gorresen & Willig 2004), or an inability to use distant
forest patches to acquire resources due to poor dispersal ability or small home range sizes
(Meyer & Kalko 2008). Persistence of frugivorous and nectarivorous bats in the most modified
sites is most likely related to greater abundance and diversity of food resources from early
successional plants or Neotropical crops (Castro-Luna & Galindo-González 2011).
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Despite these generalities, a number of characteristics of the phyllostomid
metacommunity differed between seasons. First, the distribution of species range boundaries
shifted from random during the dry season to clumped during the wet season (Table 1). Second,
although gleaning animalivores generally resided at the opposite end of latent gradient compared
to frugivores and nectarivores, this pattern was more distinctive during the dry season (Fig. 3a).
During the wet season, species from these three ensembles were more randomly distributed
across the gradient with respect to each other (Fig. 3d). Third, species distributions generally
encompassed a greater number of sites during the dry season than during the wet season (Fig. 3a,
d).
These seasonal changes can be explained by optimal patch use theory and optimal diet
theory. Optimal patch use theory predicts that foragers should spend less time in habitat patches
with lower resource availability and as a consequence use more habitat patches (Charnov 1976).
Optimal diet theory predicts that foragers should specialize on high-value food resources when
those resources are abundant, but should have broad, generalized diets when high-value
resources are rare (Sih and Christensen 2001). In the Caribbean lowlands of Costa Rica, the dry
season is characterized by low abundance of fruits and flowers (Frankie et al. 1974; Tschapka
2004). Furthermore, a peak in arthropod abundance occurs in the early wet season, shortly after
peaks in leaf flushing (Frankie et al. 1974; Boinski & Fowler 1989). As a result, the dry season
offers fewer and less abundant food resources to bats that consume plant material and
arthropods. The distributional characteristics of bats exhibited during this time of limitation
suggest that species concentrate activities at particular ends of the gradient associated with the
presence of their food resources. For example, sites with more core forest likely have greater
arthropod abundance for gleaning animalivores and sites with agricultural areas likely have
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greater abundance of fruits and flowers for frugivores and nectarivores. However, given limited
resources at particular sites, species need to use a greater number of sites with similar land
modification. In addition to using more sites, frugivorous and nectarivorous species expand their
diet during the dry season to comprise a greater number of fruit species and greater quantities of
arthropods than they do during the wet season (Lopez & Vaughan 2007). Because prey and plant
species included in these expanded diets are most likely species-specific, ranges occur
independently of each other along the gradient during the dry season. When food resources were
more plentiful, species from particular ensembles were not restricted to one end of the gradient
and used fewer sites. Clumped boundaries most likely represent shared preferences in optimal
habitat when resources were not limiting.
The importance of use of more sites during times of limited resources was further
supported by the influences of distances between forest patches on metacommunity structure
during the dry season (Table 3). Smaller distances between forest patches characterized the end
of the gradient associated with less landscape modification, whereas larger distances
characterized more modified sites. Species with poor dispersal ability or small home range sizes
(e.g. many gleaning animalivores) were most associated with areas with smaller distances
between forest patches than species with good dispersal ability or large home range sizes (e.g.
many frugivores). Similarly, distance between forest patches significantly affected diversity of
diet traits of phyllostomid assemblages in the Caribbean lowlands of Costa Rica (Cisneros et al.
in review). Diet diversity increased with increasing proximity between forest patches, suggesting
that multiple species from a number of ensembles may be able to cross the matrix to use
resources from multiple forest patches if those patches are in close proximity. Consequently,
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connectivity among forest patches plays a critical role in dictating species distributions as well as
the functional diversity of assemblages when resources are limiting.
Forest edge density had a stronger influence on metacommunity structure during the wet
season than during the dry season (Table 3). Less modified sites were characterized by low edge
density, whereas more modified sites were characterized by high edge density. Forest edges may
significantly increase the diversity and abundance of fruits available during the prime fruiting
season (i.e. mid-wet season in the Caribbean lowlands of Costa Rica; Frankie et al. 1974) given
that fruiting plants in gap environments have higher production of fruit and persistence of fruits
for a longer period of time than do interior forest conspecifics (Levey 1988). Because many
nectarivores and gleaning animalivores consume fruits (Giannini & Kalko 2004), a variety of
species may have benefited from forest edges during this time of year; although some species
that do not consume fruits may remain edge-sensitive.

FRUGIVORE ENSEMBLE
Similar to the situation for the phyllostomid assemblage, metacommunity structure of the
frugivore ensemble shifted from Gleasonian structure in the dry season to Clementsian structure
in the wet season (Table 1). Nonetheless the particular landscape characteristics associated with
spatial variation in species distributions differed between the two groups of bats (Table 3)
because the responses of species from a variety of ensembles (i.e. gleaning animalivore,
nectarivore, and sanguinivore) in addition to frugivores contribute to the overall response of the
phyllostomid metacommunity to landscape structure. Landscape characteristics only had
significant influences on metacommunity structure of the frugivore ensemble during the dry
season. This may mean that environmental characteristics at the local scale may be more
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important to the frugivore ensemble during the wet season or that important landscape
characteristics were not included in the analysis.
During the dry season, the latent gradient underlying the frugivore metacommunity was
associated with forest patch density and pasture (Table 3). At one end of the gradient, sites were
characterized by greater patch density and more pasture (i.e. less modified sites), whereas at the
other end sites were characterized by less patch density and less pasture (i.e. more modified
sites). Sites with less patch density and less pasture comprised large agricultural plantations of
banana or pineapple and were more modified than sites with greater forest patch density and
more pasture. Although the ranges of many frugivorous species spanned the entire gradient (i.e.
species from the genera Artibeus and Carollia; Fig. 3b), two species were unique to less
modified sites and two species were unique to more modified sites (Table 2, frugivore
metacommunity during dry season). In general, frugivorous species are less sensitive to land
conversion and often benefit from non-monoculture agricultural systems (García-Morales et al.
2013). Pasture also may not be a harsh matrix to frugivorous bats that are more sensitive to
agricultural plantations, especially because pastures are often associated with riparian forests and
live fences (i.e. barbed fences made of live woody species), which are used by a diversity of bat
species (Harvey et al. 2006). Intermediate amounts of forest and pasture were also documented
to have positive influences on local taxonomic, functional, and phylogenetic diversity of
phyllostomid bats in the Caribbean lowlands of Costa Rica (Cisneros et al. in review). Thus, both
forest and pasture play critical roles in structuring meso-scale and local-scale patterns of
phyllostomid bats.
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GLEANING ANIMALIVORE ENSEMBLE
Unlike the situation for phyllostomids in general or the frugivore ensemble in particular,
the metacommunity structure of the gleaning animalivore ensemble changed from checkerboard
structure during the dry season to random structure during the wet season (Table 1). This may
indicate that a common environmental gradient does not affect the preponderance of species of
this ensemble or may be an artifact associated with the rarity of many species in this ensemble.
The checkerboard pattern during the dry season suggests that competitive exclusion between
pairs of species is an important mechanism that structures this metacommunity during times of
limited food resources (i.e. dry season).
Much debate surrounds the role of competition in structuring bat assemblages at a variety
of scales (e.g. regional scale, local scale; Stevens & Willig 1999, 2000; Moreno et al. 2006). At
large geographic scales, such as along latitudinal gradients, there is little support for competitive
interactions structuring bat assemblages based on character displacement of ecomorphological
characteristics or density compensation (Stevens & Willig 1999, 2000). Environmental
heterogeneity may facilitate co-occurrence among ecologically similar species at large scales. At
local scales, overdispersion of ecomorphological characteristics of frugivorous bats suggests the
operation of competitive exclusion among ecologically similar frugivorous species in Mexico
(Moreno et al. 2006). Within a land-bridge island system in Panama, Meyer & Kalko (2008)
found that less vagile bats and gleaning animalivores occurred together less often than expected
by chance, whereas more vagile species and frugivores did not exhibited such a pattern. These
findings, in conjunction with the findings of this study, suggest that competitive interactions may
play a significant role in species assembly of bats at landscape and local scales when resources
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are limiting and species dispersal abilities are poor, such as those of many species of gleaning
animalivores.

CONCLUDING REMARKS
Metacommunity structure varied between seasons and across species guilds.
Furthermore, landscape characteristics that significantly affected metacommunity structure
differed between seasons and among guilds. These differences emphasize the importance of
interactions between landscape characteristics and seasonal variation in resource quantity and
diversity in species assembly.
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Dry season
All phyllostomids
Frugivores
Gleaning animalivores
Wet season
All phyllostomids
Frugivores
Gleaning animalivores

85
176.5
55.8
34.0
202.0
66.5
39.0

133
27
59
151
24
34

Number of absences
Empirical Mean
1109
177
83
1404
266
250

< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
0.42

P

716.7
117.0
190.7

678.1
78.0
106.8

Number of replacements
Empirical
Mean

< 0.01
< 0.01
0.34

0.02
0.01
0.64

P

1.75
2.89
1.24

1.25
0.87
1.15

I

< 0.01
0.01
0.19

0.09
0.50
0.28

P

Clementsian
Clementsian
Random

Gleasonian
Gleasonian
Checkerboard

Metacommunity
structure

Table 1. Results of analyses of coherence, species range turnover, and range boundary clumping (Morisita's index, I ) for bat
metacommunities within a human-modified landscape in the Caribbean lowlands of Costa Rica. Analyses were performed separately
for all phyllostomid species, as well as for each of two constituent feeding ensembles (i.e. frugivores and gleaning animalivores).
Empirical values (empirical) and mean randomized values (mean) are shown for coherence and species range turnover analysis.
Significant results (P ≤ 0.05) are in boldface.
Coherence
Species turnover
Boundary clumping

Tables
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Vampyressa thyone

Lichonycteris obscura

Nectarivore

Gleaning animalivore Lampronycteris brachyotis
Lophostoma brasiliense
Micronycteris schmidtorum
Trachops cirrhosus

Mesophylla macconnelli
Vampyressa thyone

Frugivore

Gleaning animalivore Lophostoma silvicolum
Micronycteris hirsuta
Mimon crenulatum
Tonatia saurophila
Trinycteris nicefori
Wet season

Nectarivore

Frugivore

Phyllostomus hastatus
Trinycteris nicefori

Lonchophylla robusta

Chiroderma villosum
Ectophylla alba
Sturnira lilium

Phyllostomus hastatus

Lonchophylla robusta

Sturnira lilium
Vampyressa nymphaea

Mesophylla macconnelli
Vampyressa thyone

Mesophylla macconnelli
Vampyressa thyone

Chiroderma villosum
Ectophylla alba
Platyrrhinus helleri
Sturnira lilium

Platyrrhinus helleri
Sturnira lilium

Table 2. Species of frugivores, nectarivores, and gleaning animalivores that were restricted to half of the latent gradient associated with less landscape
modification (less modified) and species that were restricted to half of the latent gradient associated with more landscape modification (more modifed) of
the phyllostomid metacommunity and frugivore metacommunity. Species listed below are associated with distributional profiles in Fig. 3a, b, d, and e.
Phyllostomid metacommunity
Frugivore metacommunity
Less modified
More modified
Less modified
More modified
Dry season
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Table 3. Percentage of independent effects of landscape characteristics on the site component scores of the first ordination axis from reciprocal averaging for each combination of season and focal
scale. Significant effects (P ≤ 0.05) are in boldface. Results are not shown for the gleaning animalivore metacommunity because species did not respond to a common environmental gradient.
Compositional characteristics
Configurational characteristics
Mean forest
Forest patch
Simpson's
Mean forest
Mean forest
Mean forest
Forest edge
Scale Percent forest
patch size
density
Percent pasture
diversity
proximity
nearest neighbor
patch shape
density
Dry season
All phyllostomids
1
21.4
16.4
5.2
2.6
9.4
15.0
26.2
1.5
2.2
3
11.2
9.2
9.3
25.4
20.7
7.3
5.8
4.9
6.2
5
9.9
13.3
7.2
16.4
22.0
15.7
6.3
5.4
3.8
Frugivores
1
6.9
9.4
34.0
8.8
10.2
5.3
11.9
8.4
5.1
3
3.5
4.8
12.4
43.2
20.2
3.8
3.5
3.6
4.9
5
11.2
9.8
10.9
32.4
20.1
4.7
3.5
5.1
2.4
Wet season
All phyllostomids
1
20.6
5.7
12.3
5.0
13.6
5.5
4.9
11.7
20.7
3
10.7
5.3
18.5
8.1
6.9
7.2
12.0
11.7
19.5
5
18.9
6.1
13.9
6.1
5.3
9.3
8.3
2.4
29.7
Frugivores
1
4.0
5.3
27.6
6.4
11.7
3.9
3.6
17.2
20.2
3
10.7
7.6
19.9
15.6
8.3
8.3
5.8
9.9
13.8
5
19.4
7.4
14.2
12.0
7.8
10.5
6.8
4.4
17.6

Figure Legends
Figure 1. Location of the 15 sampling sites (black dots) within the study landscape represented
by a 2011 land cover map. Location of the study landscape (black rectangle) in Costa Rica is
displayed in the upper-left corner of the land cover map. Numerical site codes indicate the
placement of sites along a landscape modification gradient based on Simpson’s diversity index
of land cover quantified at the 5 km focal scale (Fig. S1, Supporting Information).

Figure 2. A decision tree (modified from Presley et al. 2010) representing the hierarchical
analysis of characteristics of metacommunity structure (dark gray boxes) that differentiate
among eight idealized structures and six quasi-structures (light gray region). Results of the tests
appear within circles (positive significance, + ; non-significance, NS ; negative significance, - ;
non-significant result in which observation is less than that produced by randomizations, < ; nonsignificant result in which observation is greater than that produced by randomizations, >).

Figure 3. Distributional profiles of species (black vertical bars) as ordered via reciprocal
averaging for each combination of metacommunity (all phyllostomid species, frugivores, and
gleaning animalivores) and season. The order of sites (rows) and species (columns) differ among
metacommunities. Embedded absences are only filled for positively coherent metacommunities
(a, b, d, and e). Numerical site codes in shaded boxes (left of graphs) correspond with those in
Fig. 1. Levels of landscape modification at each site are indicated by shading (dark gray with
white numbers: five most modified sites; medium gray with black numbers: five sites situated in
the middle of the modification gradient; light gray with black numbers: five least modified sites).
Non-shaded numbers (right of graphs) are species richness of sites. The feeding ensembles to
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which species belong are specified in the metacommunities with all phyllostomid species by
symbols (frugivore,

; gleaning animalivore,

; nectarivore,
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; sanguinivore,

).
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Table S1. Mean, standard deviation (SD), and range of each of nine landscape characteristics quantified at each of three focal scales (i.e. circles with a 1 km, 3 km,
or 5 km radius) for sites in the Caribbean lowlands of Costa Rica (for definitions, formulae, and units of landscape metrics, see Table S2, Supporting Information).
1 KM
3 KM
5 KM
Mean
SD
Range
Mean
SD
Range
Mean
SD
Range
Composition
Percent forest
57.94
30.39 9.78 - 100.00
49.41
21.70 10.05 - 88.55
48.63
14.69 22.49 - 70.96
Percent pasture
28.75
23.08 0.00 - 77.80
37.61
16.72 10.09 - 70.55
39.68
10.86 25.00 - 60.15
Mean forest patch size
81.95
100.19 2.59 - 313.65
68.25
75.33 4.47 - 278.17
45.31
25.64 7.66 - 96.07
Forest patch density
1.82
1.67 0.32 - 6.68
1.41
1.00 0.32 - 4.32
1.32
0.58 0.74 - 3.09
Simpson's diversity
0.37
0.17 0.00 - 0.60
0.50
0.11 0.21 - 0.69
0.55
0.07 0.43 - 0.70
Configuration
Mean forest proximity
96.98
128.46 0.00 - 408.63
752.85
758.58 8.59 - 2630.11
1300.00 1120.79 71.91 - 3361.66
Mean forest nearest neighbor 117.16
82.31 0.00 - 336.51
116.13
19.86 90.58 - 159.94
110.42
10.77 96.30 - 136.28
Mean forest patch shape
1.88
0.44 1.11 - 2.87
1.98
0.19 1.67 - 2.35
1.99
0.09 1.91 - 2.20
Forest edge density
40.07
20.07 0.00 - 72.85
46.40
14.99 17.66 - 69.50
48.46
9.58 33.95 - 62.70

Supporting Information
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Forest edge density

Mean forest patch shape

Mean forest nearest neighbor

Mean forest proximity

Configuration

Simpson's diversity

Forest patch density

Mean forest patch size
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Formula

2

2

Measures landscape heterogeneity by considering proportions
of all land cover types within a focal scale.

Number of forest patches divided by total area of the focal
scale (multiplied 10,000 and 100 to convert to 100 hectares).

Average area of all forest patches (divided by 10,000 to
convert to hectares) within a focal scale.

Percent of the total area of the focal scale occupied by a
particular land cover type (i.e. forest or pasture).

Description

landscape area (m ).

2

eik, total length (m) of edge of all patches type i; A, total

ni, number of patches of land cover type i.

2

pij, perimeter (m) of patch ij; aij, area (m ) of patch ij;

of type i, based on patch edge-to-edge distance; ni, number
of patches type i.

hij, distance (m) between patch ij and nearest neighbor patch

Total length of edge of forest patches divided by total area of
the focal scale (multiplied by 10,000 to convert to hectares).

Average of forest patch perimeter divided by square root of
patch area, adjusted by a constant to adjust for a square
standard, within a focal scale.

Average minimum edge-to-edge distance between all possible
pairwise patches of forest in a focal scale.

aijs, area (m ) of patches ijs within focal scale; hijs, distance
Average of the sum of forest patch area divided by the edge-toedge distance squared between the focal patch and the nearest
(m) between patch ijs and nearest neighbor patch ijs, based
on patch edge-to-edge distance; ni, number of patches type i. patch for all forest patches within a focal scale.

2

Pi, proportion of landscape occupied by land cover type i.

area (m ).

2

ni, number of patches of land cover type i; A, total landscape

2

aij, area (m ) of patch ij; ni, number of patches of land cover
type i.

aij, area (m ) of patch ij; A, total landscape area (m ).

Variables

Table S2. Indices that quantified landscape structure at each of three focal scales for each of the 15 sampling sites based on a 2011 land cover map.

Figure S1. Position of sites along a landscape modification gradient (indicated by the numerical
site codes) was based on Simpson’s diversity index of land cover (i.e. forest, cropland, pasture,
bare soil, urban, and water) quantified at the 5 km focal scale. Diversity values are in units of
numbers equivalents. These codes are used to label sites on the landscape map (Fig. 1).

Simpson's diversity of land cover
(numbers equivalent)
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CHAPTER THREE
PARTITIONING ENVIRONMENTAL AND SPATIAL EFFECTS ON TAXONOMIC,
FUNCTIONAL, AND PHYLOGENETIC STRUCTURE OF BAT ASSEMBLAGES IN A
HUMAN-MODIFIED LANDSCAPE
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Abstract
The past decade has witnessed a rapid advancement in community ecology in that
functional and phylogenetic dimensions, rather than simply the taxonomic dimension, have
increasingly been used to understand processes governing species assembly at various spatial
scales. Variation in two components of functional or phylogenetic structure of assemblages (i.e.
composition and dispersion) can aid in disentangling the relative importance of various nichebased processes (e.g. environmental filtering and niche partitioning). Nevertheless,
environmental characteristics underlying niche-based processes are often spatially structured,
resulting in spatial variation of assemblage structure that is similar to that produced by spatial
processes (e.g. dispersal limitations). Consequently, a challenge arises with distinguishing the
effects of environmental and spatial processes on variation in structure. This is particularly
critical for human-modified landscapes, as processes that operate at the landscape scale (e.g.
environmental heterogeneity, landscape connectivity, and dispersal limitation) can be attributed
to both environmental and spatial variation. Accordingly, I used variation partitioning to estimate
the unique effects of environment (i.e. landscape characteristics quantified at 1, 3, and 5 km focal
scales) and space (i.e. Moran’s eigenvector map) on variation in bat assemblage structure within
a human-modified landscape in Costa Rica. Furthermore, I evaluated the unique effects of
landscape characteristics and space on variation in taxonomic structure (species composition)
and two components (i.e. dispersion and composition) of functional and phylogenetic structure.
Analyses were conducted separately for each combination of season and focal scale.
Variation in assemblage structure was due to differences in dispersion of species within
functional or phylogenetic space. Significant variation in functional or phylogenetic dispersion
accompanied by little variation in functional or phylogenetic composition suggests the operation
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of mechanisms associated with niche partitioning. Regardless of season, the unique effects of
space on taxonomic structure (species composition) and functional or phylogenetic dispersion
were consistently small, whereas variation in landscape characteristics played an appreciable role
in structuring assemblages. On average, 84% of the variation in functional or phylogenetic
dispersion was attributed to spatially-structured landscape characteristics. Conversely, variation
in taxonomic structure was significantly affected by the unique effects of landscape
characteristics at the 3 and 5 km focal scales; however, these effects only accounted for 14% of
the variation. For Neotropical bats within a human-modified landscape, assemblage structure
was molded by environmental processes that influence functional or phylogenetic characteristics
via mechanisms associated with the amount of niche space.
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Introduction
The past decade has witnessed rapid advancement in community ecology in that
functional and phylogenetic dimensions, rather than simply the taxonomic dimension (e.g.
species diversity or species composition), have increasingly been used to understand ecological
and biogeographic processes governing species assembly at various spatial scales. Functional
and phylogenetic dimensions are based on ecological traits and evolutionary histories of species,
respectively. Ecological characteristics of species often exhibit strong phylogenetic signals (i.e.
tendency of closely related species to have similar ecological traits than expected by chance;
Revell et al. 2008); thus, phylogenetic patterns can be interpreted with regard those traits.
Consequently, functional and phylogenetic dimensions of assemblage structure aid in
disentangling the relative importance of various niche-based processes (e.g. environmental
filtering and niche differentiation; Mayfield & Levine 2010; HilleRisLambers et al. 2012).
Nevertheless, variation in assemblage structure may arise as a consequence of spatial processes
associated with dynamics of the species themselves, such as dispersal limitations, population
growth or social organization (Legendre 1993). Because environmental characteristics
underlying niche-based processes are often spatially structured, environmental control on
assemblage structure may result in spatial patterns that are similar to those produced by spatial
processes (i.e. induced spatial dependence; Legendre 1993). Consequently, a challenge arises
with disentangling the effects of environmental and spatial processes on variation in assemblage
structure.
Variation partitioning (Borcard et al. 1992; Borcard & Legendre 1994) provides a means
to decompose variation in assemblage structure across a suite of sites into a proportion explained
by environmental characteristics and a proportion explained by spatial characteristics. More
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importantly, this approach facilitates the removal of the fraction of environmental variation that
is spatially structured ([b] in Fig. 1). Consequently, the importance of environmental and spatial
predictors can be judged based on their unique or shared contributions to variation in assemblage
structure (Fig. 1). Although variation partitioning has become a routine procedure to differentiate
among multiple mechanisms structuring assemblages (Leibold et al. 2004), most studies have
used species composition or species diversity as the response variable (e.g. Legendre &
Legendre 1998 and sources therein; Cottenie & De Meester 2004; Cottenie 2005; Legendre et al.
2005; Peres-Neto et al. 2006 and sources therein; Stevens et al. 2007; Meynard et al. 2013).
Because the taxonomic dimension ignores functional traits (e.g. physiological constraints, habitat
requirements, and dispersal abilities) and evolutionary histories of species, identification of
structuring mechanisms may be incomplete or misleading, as the effects of ecological processes
may be mediated by species characteristics.
To date, only one study has partitioned the effects of multiple factors on variation in
phylogenetic structure (Gavilanez & Stevens 2013). At a regional scale, they found that
taxonomic structure and phylogenetic structure of Neotropical primate assemblages were most
influenced by spatial attributes rather than environmental or historical factors. Moreover, they
found that partitioning of phylogenetic structure revealed complex interactions among
environmental, historical, and spatial processes. Accordingly, partitioning of variation in
taxonomic, functional, and phylogenetic structure may provide a more comprehensive
understanding of the mechanisms underlying the assembly of species across salient gradients.
Variation in functional or phylogenetic structure can arise from differences in two general
components: mean location (i.e. composition) and dispersion. Mean location characterizes the
central position of an assemblage within functional or phylogenetic space (Fig. 2a), and is
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conceptually similar to community-weighted means (Peres-Neto et al. 2012). Dispersion
measures the volume occupied by an assemblage within functional or phylogenetic space (Fig.
2b), and is conceptually similar to a variety of metrics that measure functional diversity, such as
Rao’s quadratic entropy (Botta-Dukát 2005). Accordingly, environmental or spatial factors can
cause variation in functional or phylogenetic structure via shifts in functional or phylogenetic
composition of assemblages (i.e. mean location) with little effect on how species are dispersed
within functional or phylogenetic space (Fig. 2c). Conversely, environmental or spatial factors
can cause variation in functional or phylogenetic structure via differences in the degree of
dispersion of species characteristics with little effect on average functional or phylogenetic
composition (Fig. 2d). Indeed, variation in functional or phylogenetic structure may arise from
differences in both components. Although metrics measuring both components are widely used
(e.g. Lavorel et al. 2008; Mokany et al. 2008; Vandewalle et al. 2010), a single method that
decomposes total functional or phylogenetic structure into the two components had not been
developed until recently (Peres-Neto et al. 2012). As such, it is poorly understood whether
structuring mechanisms significantly influence composition (mean location) or dispersion based
on functional or phylogenetic characteristics.
Little is known about how variation in landscape modification affects variation in
functional or phylogenetic aspects of assemblages (Tscharntke et al. 2012). Because
fragmentation per se due to human land conversion is a meso-scale phenomenon (i.e. manifests
at intermediate scales between local and regional scales), processes that operate at this scale (e.g.
environmental heterogeneity, landscape connectivity, dispersal limitation; Leibold 2011) can be
attributed to both environmental and spatial variation. As such, decomposing the effects of
landscape characteristics and space on variation in functional or phylogenetic attributes of
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assemblages can advance our understanding of assembly processes operating in human-modified
landscapes.
Because bats are diverse from taxonomic and functional perspectives (Patterson et al.
2003), they are useful for assessing the effects of human-modified landscapes on functional and
phylogenetic structure. In the Neotropics, bats are generally the most species-rich and locally
abundant mammalian group, comprise species from a variety of feeding guilds (e.g. frugivores,
gleaning animalivores), and vary greatly in dispersal abilities (Patterson et al. 2003). Moreover,
bats provide important ecological services, such as seed dispersal, pollination, and regulation of
insect populations (Kunz et al. 2011). Due to their diversity and ecological importance in many
tropical ecosystems, bats may be keystone taxa as well as bioindicators of disturbance, as their
responses to environmental variation may reflect the responses of other taxa (Jones et al. 2009).
To advance understanding of the environmental and spatial processes that affect variation
in bat assemblages within a human-modified landscape, I estimated the unique effects of
environment (i.e. landscape characteristics) and space on taxonomic, functional, and
phylogenetic structure. More specifically with regard to functional and phylogenetic structure, I
first examined the extent to which variation arose from differences in mean location versus
differences in dispersion. Subsequently, I estimated the unique effects of landscape
characteristics and space on each component of functional and phylogenetic structure. Because
bats are highly vagile and variation in a variety of ecological and evolutionary aspects of bat
assemblages is influenced by landscape characteristics (Klingbeil & Willig 2009; GarcíaMorales et al. 2013; Cisneros et al. in review (a); Cisneros et al. in review (b)), I predict that
unique effects of landscape structure account for more variation in taxonomic, functional, and
phylogenetic structure than do unique effects of space. Nevertheless, I expect the effects of
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landscape characteristics to be more pronounced on functional and phylogenetic structure than
on taxonomic structure based on the assumption that particular landscape characteristics select
for species with particular traits, regardless of their taxonomic identity.

Methods
STUDY AREA AND SITES
Research was conducted in a human-modified landscape in the Caribbean lowlands of
northeastern Costa Rica (Fig. 3). The 160,000 hectare landscape encompasses fragments of wet
tropical forest at various successional stages (e.g. old-growth and secondary forests), a variety of
agricultural plantations (e.g. heart of palm, banana, and pineapple), cattle pastures, and logged
areas. The climate is warm and moist, with relatively constant temperatures throughout the year
(mean daily temperature: 31.0° C; range: 30.2-31.9° C) and appreciable rainfall every month
(mean annual precipitation: 4374.6 mm; range: 2809.3-6164.0 mm; Organization for Tropical
Studies 2012). In general, a drier period occurs from January until late April, with mean monthly
rainfall of 223.7 mm, followed by a wet period from early May to December, with mean monthly
rainfall of 435.0 mm. Nevertheless, the dry and wet seasons during the year of this study (2010)
were less distinct (i.e. mean monthly rainfall was 353.8 mm in the dry season and 431.4 mm in
the wet season). Because of changes in resource availability and resource requirements of bats
between seasons, analyses were conducted separately for the dry and wet seasons.
Fifteen circular sites (5 km radius) were established across the landscape so that centers
were positioned within forest patches and were separated by at least 3.5 km (Fig. 3). Sites were
initially found using a 2001 land cover map developed by Sesnie et al. (2008). These sites were
selected to represent a gradient of forest loss and fragmentation that encompasses the current
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range in composition and configuration of land cover in the study area (Table S1, Supporting
Information). Site selection was not stratified or randomized because of limitations associated
with gaining permission from land owners.

DATA
Biological surveys
Bats were surveyed using ground-level mist nets during the dry season (January to April)
and wet season (May to September) of 2010. Each site was surveyed four times each season. For
each survey, 12 mist nets (12 m x 2.5 m) were opened for six hours from dusk until midnight
(mist nets were inspected every 30 minutes). Mist nets were deployed in trails and flyways in
closed-canopy forest within 1 km of the center of each site. Sampling was not conducted during
the presence of a moon that was ≥ 90% full due to reduced bat activity associated with high lunar
illumination (Morrison 1978) or during severe weather because of health risks to bats from
exposure to low temperatures associated with strong winds or rain. To identify recaptures within
a sampling period, hair was trimmed on the back of each bat before release. The use of groundlevel mist nets, unaccompanied by other sampling methods, effectively samples species from the
family Phyllostomidae (Kalko 1997), but may under-represent other families (Kalko & Handley
2001). Accordingly, analyses were limited to phyllostomids. The protocol for animal use of this
research was approved by the IACUC at the University of Connecticut (IACUC number: A09014).
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Functional and phylogenetic characteristics
Functional characteristics were based on two types of data: categorical (binary) and
mensural attributes (Table 1). For each data type, a suite of functional attributes were used to
describe particular niche axes. Categorical niche axes were associated with (1) diet, (2) foraging
location, (3) foraging strategy, and (4) roost type. Mensural niche axes were associated with (1)
body size, (2) masticatory mode (i.e. skull characteristics), and (3) aerodynamic mode (i.e. wing
characteristics). For each categorical attribute, a species received a “1” if it exhibited the
characteristic or a “0” if it did not exhibit the characteristic. For each mensural attribute, an
average value was obtained for each species based on measurements of multiple male and female
adults (≥ 2 individuals).
Information for all functional attributes was derived from the literature and restricted to
records from Central America when possible (Table S2, Supporting Information). Additionally,
measurements of size attributes were augmented by field measurements from the study area.
Missing mensural data were estimated using linear regression, with mass as the independent
variable and attribute values of other species from the same subfamily. Missing categorical data
were replaced by values from congeners. Only 4.1% of species traits were estimated or replaced
(i.e. 38 of 918 traits). Because the environmental gradient may affect particular functional niche
axes differently, integration of ecological attributes into a single multivariate measure may
obscure important patterns (Spasojevic & Suding 2012). Accordingly, mean functional
differences among species were estimated for each functional niche axis separately (Table 1), as
well as for all functional niche axes combined (each niche axis was weighted equally despite
having unequal number of attributes).
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Phylogenetic characteristics were based on branch lengths from a species-level supertree
of bats (Jones et al. 2005). Five of the 34 species were not present in this supertree.
Consequently, the closest congener present in the supertree that was not present in the study area
was substituted for each missing species. Although a number of phylogenetic trees are available
for bats, the supertree developed by Jones et al. (2005) represents the most complete and
accurate tree. Moreover, higher-level divergences were consistent with other phylogenetic trees
(Jones et al. 2005).
Functional and phylogenetic distances between species were obtained from pairwise
dissimilarity matrices. Functional pairwise dissimilarity matrices were calculated using the
Gower metric from the R package “clusters” (Maechler et al. 2012). The Gower metric can
quantify dissimilarities when considering categorical and mensural attributes at the same time
(Botta-Dukát 2005). The phylogenetic pairwise dissimilarity matrix was calculated via the
“cophenetic” function of the R package “ape” (Paradis et al. 2004).

Environmental characteristics
Landscape characteristics were quantified at each site using a land cover map that
represented the landscape of 2011 (see Fagan et al. 2013 for a detailed description of map
construction). The original 13 cover types were reclassified into seven cover types: forest =
mature forest, swamp forest, native reforestation, and exotic tree plantations; cropland = banana,
sugarcane, heart of palm, and pineapple; and pasture, bare soil, urban, water, and masked area
were retained as unique categories. Because only 0.6% of the pixel values of the land cover
surrounding the sites were designated as masked areas (i.e. areas obscured by cloud or Landsat 7
line errors), masked area was manually changed to other pixel values using the area fill tool in
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ERDAS IMAGINE 2013. Masked area pixels were changed to the pixel value within which they
were embedded or to pixel values based on a 2005 land cover map of the study area (Fagan et al.
2013).
Five compositional (i.e. percent forest, percent pasture, mean forest patch size, forest
patch density, and Simpson’s diversity of cover types; Table S3, Supporting Information) and
four configurational (i.e. mean forest proximity, mean forest nearest neighbor, mean forest patch
shape, and forest edge density; Table S3, Supporting Information) indices were quantified using
FRAGSTATS version 4 (McGarigal et al. 2012). Composition refers to the proportions of
different types of land cover within a site, whereas configuration specifies the geometric
arrangement of land cover within a site. All indices were quantified using forest as the focal land
cover type, except for percent pasture and Simpson’s diversity of cover types. Spatial patterns
are scale dependent, and the scale at which bats use and respond to the environment is speciesspecific (Gorresen et al. 2005; Klingbeil & Willig 2009). Thus, all landscape characteristics were
quantified at each of three spatial scales (circles of 1, 3, and 5 km radius) to account for
interspecific differences in bat home range size and behavior.

Spatial characteristics
Spatial predictors were estimated from Moran’s eigenvector maps (MEMs; Dray et al.
2006). MEMs provide a more powerful means to describe spatial effects at a variety of scales,
can explain more variation in species data than can geographic coordinates or polynomial
functions of geographic coordinates, and better control for type I error rates in unique
environmental effects (Legendre et al. 2005; Peres-Neto & Legendre 2010). To derive these
eigenvectors, I first use geographic coordinates of the sites to create a distance matrix. From the
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distance matrix, a connectivity matrix is constructed based on a threshold distance and minimum
spanning tree algorithm. Finally, eigenvectors were computed from the centered connectivity
matrix. A single eigenvector associated with a large and positive eigenvalue was used as the
spatial predictor because it represents positive spatial autocorrelation and a landscape-wide
spatial trend. Construction of MEMs was completed using algorithms written in Matlab by
Peres-Neto et al. (2012).

STATISTICAL ANALYSIS
Variation partitioning was conducted for taxonomic, functional, and phylogenetic
structure for each combination of season (i.e. dry and wet) and scale (i.e. circles with a 1, 3, or 5
km radius). For taxonomic structure, I first imposed a Hellinger transformation on the site-byspecies abundance matrix to give low weights to rare species (Legendre & Gallagher 2001). This
matrix in essence represents variation in species composition. For functional or phylogenetic
structure, the methodologies of Peres-Neto et al. (2012) were employed to quantify structure
from the perspectives of composition and dispersion. Taxonomic structure cannot be
decomposed into the two components because there is no variation in interspecific differences
between any pair of species, as all species are considered equally distinct from each other (i.e.
species is a nominal characteristic). First, total functional (or phylogenetic) variation was
quantified by linking a site-by-species abundance matrix with an eigenvector representing
functional (or phylogenetic) variation among species (eigenvector derived from a distance
matrix) via the Hadamard element-wise multiplier. The total functional (or phylogenetic)
variation matrix was weighted based on the number of occurrences of each species to minimize
the effects of rare species. Subsequently, the total functional (or phylogenetic) variation matrix
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was decomposed into the mean location component ( or  ) and the dispersion component (sF
or sP) by re-distributing the sum-of-squares of the total variation matrix in terms of their means
and variances.
Using full and partial redundancy analysis (Borcard et al. 1992), taxonomic structure
(species composition), functional (or phylogenetic) composition ( or  ), and functional (or
phylogenetic) dispersion (sF or sP) were separately modeled with regard to environmental
predictors (i.e. landscape characteristics) and a spatial predictor (i.e. MEM). Partitioning was
based on three weighted least-squares regressions. The first regression was based on both sets of
predictors (i.e. quantified the variation explained by E and S; Fig. 1). The second regression was
based on the environmental predictors (i.e. quantified the variation explained by E; Fig. 1). The
third regression was based on the spatial predictor (i.e. quantified the variation explained by S;
Fig. 1). Total variation explained by the model was partitioned into four fractions ([a], unique
environmental effects after accounting for space; [b], spatially-structured environmental effects;
[c], unique spatial effects after accounting for environment; and [d], residual variation; Fig. 1) by
subtracting the adjusted R2 from the previous three regressions. Adjusted R2 were quantified to
minimize the bias associate with the number of independent variables and sample sizes (PeresNeto et al. 2006).
To test for statistical significance of the unique contributions of environment and space
(fractions [a] and [c], respectively), two permutation procedures were used. For taxonomic
structure, 1000 permutations of the community matrix were conducted. For functional or
phylogenetic structure, I employed a procedure developed by Peres-Neto et al. (2012) that
permutes site vectors in the predictor matrix (E or S) 1000 times, and permutes species vectors in
the functional or phylogenetic eigenvector 1000 times. Variation partitioning of taxonomic
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structure, and associated permutation procedures, were conducted using the function “varpart”
from the R package “vegan” (Oksanen et al. 2009). Variation partitioning of functional or
phylogenetic structure, and associated permutation procedures, were conducted with algorithms
written in Matlab by Peres-Neto et al. (2012).
When multiple related statistical tests are performed, the probability of rejecting the null
hypothesis when it is inappropriate to do so (type I error) increases as the number of tests
increases. Nevertheless, methods that reduce type I errors are conservative and increase type II
errors (Moran 2003), resulting in trade-offs from a design perspective. Furthermore, the decision
for separating analyses into subsets for which adjustments in p-values can be undertaken is
controversial (Moran 2003), and the appropriateness of adjustments for multiple tests is still
debated depending on the nature of the study (i.e. hypothesis generating or hypothesis
confirming; Roback & Askins 2005). For exploratory studies or hypothesis generating studies
(such as this one), failure to reject a false null hypothesis has greater repercussions for scientific
advancement than does rejection of a true null hypothesis (Roback & Askins 2005).
Consequently, statistical significance of unique effects was determined at an α-level of 0.05.

Results
The components of dispersion (sF and sP), rather than mean location ( and  ),
accounted for most of the variation in each of the functional and phylogenetic approaches
regardless of season (Table 2). The mean location of each bat assemblage within functional or
phylogenetic space was essentially the same for all sites, but the volume of space occupied by
each assemblage varied among sites. Because most of the functional or phylogenetic variation
arose from the dispersion component, only results from variation partitioning that used
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dispersion as the response variable are discussed (Fig. 4b, c and Table 3 & 4; but see Table S4,
Supporting Information, for variation partitioning results of  and  ).
Total variation in taxonomic structure (species composition) of bat assemblages
explained by the model that included environmental and spatial predictors ranged from 15.0 to
39.4% during the dry season and from 0 to 15.3% during the wet season (Table 3). Conversely,
total variation in functional or phylogenetic dispersion explained by the model that included
environmental and spatial predictors ranged from 90.6 to 99.9%, regardless of season or scale
(Table 3 & 4). Variation in taxonomic structure was mostly accounted for by unique effects of
landscape characteristics ([a] in Fig. 4a); however, these significant effects were limited to the
dry season at 3 km and 5 km focal scales. In contrast, unique effects of landscape characteristics
([a] in Fig. 4b, c and Table 4) and unique effects of space ([c] in Fig. 4b, c and Table 4) on
variation in functional or phylogenetic dispersion were relatively small compared to effects of
spatially-structured landscape characteristics ([b] in Fig. 4b, c and Table 4). On average,
spatially-structured landscape characteristics accounted for ~ 84% of the variation in functional
or phylogenetic dispersion, whereas unique effects of landscape characteristics and unique
effects of space accounted for ~ 12% and ~ 1% of variation in functional or phylogenetic
dispersion, respectively. Although the unique effects of landscape characteristics and the unique
effects of space on functional or phylogenetic dispersion were small, a few were significant at 3
km and 5 km scales during the dry season (Fig. 4b and Table 4).
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Discussion
MEAN LOCATION VERSUS DISPERSION
Variation in functional or phylogenetic structure was never due to differences in
functional or phylogenetic composition ( and  ) among assemblages; rather, variation in
dispersion of species within functional or phylogenetic space (sF and sP) was the primary source
of variation in functional or phylogenetic characteristics of assemblages (Table 2). These
findings demonstrate that the assessment of a single aspect of functional structure or of
phylogenetic structure, such as the mean location component in the case of this study, could lead
to misleading conclusions concerning the nature of variation in assemblage structure along
particular environmental or spatial gradients.
Although frameworks that summarize multiple components of functional or phylogenetic
structure have been proposed (Mason et al. 2005; Villéger et al. 2008; Ricotta & Moretti 2011),
they have relied on independent metrics to evaluate different components (e.g. use of
community-weighted means and Rao’s quadratic entropy together), rather than a single approach
that decomposes structure into the mean location and dispersion components. Thus, they are
unable to determine the relative importance of each component. By determining the relative
importance of particular functional or phylogenetic components, we can better identify
structuring mechanisms associated with environmental factors. For example, significant variation
in functional or phylogenetic composition accompanied by little variation in functional or
phylogenetic dispersion suggests the operation of mechanisms associated with environmental
filtering (e.g. selection of better adapted species or superior competitors; Weiher & Keddy 1995;
Mayfield & Levine 2010). In contrast, significant variation in functional or phylogenetic
dispersion accompanied by little variation in functional or phylogenetic composition (as in the
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case of this study) suggests the operation of mechanisms associated with variation in niche
partitioning (e.g. interspecific competition, variation in productivity, creation of new habitats or
loss of existing habitats via land conversion; MacArthur & Levins 1967; Mayfield & Levine
2010).
For phyllostomid bat assemblages within the human-modified landscape in Costa Rica,
phylogenetic composition of assemblages varied little because species from the genera Artibeus
and Carollia (subfamilies Stenodermatinae and Carolliinae) were present at all sites and were
often represented in high abundances (i.e. genera within clades 1 and 2 in Fig. 5). Conversely,
differences in phylogenetic dispersion of assemblages arose from the presence or absence of less
abundant species from subfamilies Glossophaginae, Phyllostominae, and Desmodontinae (clades
3, 4, and 5 in Fig. 5). Because many functional attributes of phyllostomid bats in the Caribbean
lowlands of Costa Rica exhibit a phylogenetic signal (Cisneros et al. in review (a)), functional
variation can be attributed to the presence or absence of species with different traits from those
of species of Artibeus and Carollia (e.g. species with non-frugivorous diets). Within humanmodified landscapes, possible mechanisms that can reduce niche availability and decrease
dispersion are forest loss or landscape homogenization (e.g. landscapes dominated by
monocultures; Devictor et al. 2008; Flynn et al. 2009). Both mechanisms are particularly
relevant to phyllostomid bats, as most species tend to avoid sun-grown monocultures and species
of the subfamily Phyllostominae are often dependent on complex vegetation (García-Morales et
al. 2013). Another probable mechanism associated with variation in niche differentiation (and
dispersion) of phyllostomid bats is increasing landscape heterogeneity. Because many critical
resources for bats can be obtained from human-impacted environments (i.e. forest edge, pasture
and non-monoculture agricultural systems; Wilkinson 1985; Lobova et al. 2003; Thies & Kalko
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2004; Harvey & González Villalobos 2007), nectarivores and sanguinivores (subfamilies
Glossophaginae and Desmodontinae) were more common at sites with a variety of
anthropogenically-produced and natural land cover than at sites dominated by forest (personal
observation), as they likely fed on flowers and fruits from early successional plants or crops and
blood from cattle, respectively. To refine understanding of the underlying mechanisms, analyses
assessing overdispersion and underdispersion of species characteristics are needed. Furthermore,
the relative importance of these niche-based mechanisms is dependent on the relative importance
of environmental factors versus spatial factors.

TAXONOMIC VERSUS FUNCTIONAL AND PHYLOGENETIC
Taxonomic structure (species composition) was affected differently by variation in
landscape structure and space than was functional or phylogenetic dispersion. Relatively little
variation in taxonomic structure was explained by landscape characteristics or spatial factors,
whereas most of the variation in functional or phylogenetic dispersion was explained by both sets
of predictors (Table 3). Difference in explained variation between taxonomic structure and
functional or phylogenetic structure may be associated with differences in the degree of variation
in each dimension within the human-modified landscape. Assessment of metacommunity
structure of phyllostomid bats in the Caribbean lowlands of Costa Rica indicated that species
distributions replaced one another along a landscape modification gradient, such that particular
species were unique to each end of the gradient (Cisneros et al. in review (b)). Although the
taxonomic identities of species in assemblages varied along the landscape modification gradient,
the ecological roles that species fulfill were often executed by other members of the same guild,
as representatives of each bat guild were more or less present throughout most of the gradient
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(Cisneros et al. in review (b)). As such, variation in functional or phylogenetic dispersion most
likely is not as great as variation in taxonomic structure. Accordingly, landscape structure and
space may be sufficient for predicting variability in functional or phylogenetic dispersion, but
additional factors are needed to better understand differences in the taxonomic identities of
species among assemblages (i.e. taxonomic structure).

ENVIRONMENT VERSUS SPACE
For taxonomic, functional, and phylogenetic structure, unique spatial effects were
consistently small, and environment (i.e. landscape characteristics) played a more appreciable
role in structuring assemblages. However, the scale at which environmental characteristics
affected assemblage structure differed between the taxonomic dimension and the functional or
phylogenetic dimension.
Processes dictating functional or phylogenetic dispersion of bat assemblages operate at
larger scales than do those influencing taxonomic structure (species composition). Taxonomic
structure was more affected by landscape characteristics that were not confounded with space
(Fig. 4a), whereas functional or phylogenetic dispersion was more affected by spatiallystructured landscape characteristics (Fig. 4b, c and Table 4). The influences of spatiallystructured landscape characteristics represent the influences of broad-scale environmental
variation because these aspects of landscape structure (or unmeasured characteristics correlated
with spatially-structured landscape characteristics) are confounded with spatial variation that
represents a landscape-wide trend in positive spatial autocorrelation. In other words, broad
landscape patterns that occur at larger focal scales than the 5 km scale most account for variation
in functional or phylogenetic dispersion. Influences of landscape characteristics that are not
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spatially structured suggest that environmental characteristics within 5 km of the center of sites
play a role in determining the abundances of particular species (i.e. taxonomic structure).
Significant influences of unique effects of landscape characteristics and space generally
occurred during the dry season. Indeed, season-specific responses to characteristics associated
with anthropogenic land conversion have been observed in bat assemblages in Central and South
America (Willig et al. 2007; Klingbeil & Willig 2010; Cisneros et al. in review (a); Cisneros et
al. in review (b)). The importance of the unique effects of landscape characteristics likely
increases during the dry season for bats in the Caribbean lowlands of Costa Rica because
resource quantity and diversity decreases during this time of year (Frankie et al. 1974; Tschapka
2004). Indeed, associations between particular bat guilds and landscape structure have been
documented to be more apparent during the dry season than during the wet season (Cisneros et
al. in review (b)). These changes in associations demonstrate that species concentrate activities at
sites with particular landscape structure that are associated with the presence of their food
resources during times of limitation, whereas when food resources are more plentiful, guilds are
not restricted to sites with particular landscape characteristics. In addition to the influences of the
unique effects of landscape characteristics, unmeasured environmental characteristics or
dispersal among sites were important during the dry season, as the unique effects of space had
small but significant influences on functional dispersion based on diet and morphological traits
(Table 4). Dispersal among sites may become especially important during the dry season as
species may need to use a greater number of sites during this time of resource limitation to
acquire sufficient quantities of resources to meet energetic demands.
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CONCLUDING REMARKS
This research is one of the first empirical studies to decompose total functional or
phylogenetic structure into a mean location component and a dispersion component, as well as to
partition the effects of environment and space on multiple dimensions of assemblage structure.
This approach addresses salient themes in community ecology regarding the spatial scales at
which functional or phylogenetic patterns manifest, and the environmental or spatial processes
that are responsible for these patterns. Answers to such questions help to advance understanding
of niche-based and spatial mechanisms driving assemblage structure and patterns of biodiversity.
For Neotropical bats within a human-modified landscape, assemblage structure was primarily
molded by environmental processes operating at a broad scale (e.g. landscape scale) and a local
scale (e.g. within 5 km of center of sites) rather than spatial processes. Furthermore, broad-scale
landscape characteristics most likely influence functional or phylogenetic aspects of bat
assemblages via mechanisms that increase or decrease niche space.
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Tables
Table 1. Functional attributes that reflect functional niche axes were used to estimate functional variation of bat
assemblages from the Caribbean lowlands of Costa Rica. Mensural attributes were measured as described in
sources (see Table S2, Supporting Information).
Type of data

Functional niche axis

Attribute

Trait value

Categorical

Diet

Fruit or plant
Nectar or pollen
Invertebrates
Vertebrates
Blood
Canopy
Subcanopy
Understory
Gleaning
Hover
Pounce
Foliage
Bark or roots
Tree hole or termite nest
Man-made structures
Culvert or under large rocks
Cave, tunnels, mines or sewers
Mass
Forearm length
Greatest length of skull
Condylobasal length
Length of maxillary toothrow
Breadth across upper molars
Width across post-orbital constriction
Breadth of braincase
Wing loading
Aspect ratio

0, 1
0, 1
0, 1
0, 1
0, 1
0, 1
0, 1
0, 1
0, 1
0, 1
0, 1
0, 1
0, 1
0, 1
0, 1
0, 1
0, 1
Mean value (g)
Mean value (mm)
Mean value (mm)
Mean value (mm)
Mean value (mm)
Mean value (mm)
Mean value (mm)
Mean value (mm)
Mean value (mm)
Mean value (mm)

Foraging location

Foraging strategy

Roost type

Mensural

Size
Skull

Wing
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Table 2. Proportion of the total functional or phylogenetic variation
(sum-of-squares) that was due to the mean location component and the
dispersion component for each of the eight functional approaches and
for the phylogenetic approach.
Mean location
Dispersion
Dry season
Functional — All
0.10
0.90
Functional — Diet
0.03
0.97
Functional — Foraging location
0.14
0.86
Functional — Foraging strategy
0.15
0.85
Functional — Roost
0.03
0.97
Functional — Size
0.09
0.91
Functional — Skull
0.08
0.92
Functional — Wing
0.09
0.91
Phylogenetic
0.06
0.94
Wet season
Functional — All
0.07
0.93
Functional — Diet
0.04
0.96
Functional — Foraging location
0.07
0.93
Functional — Foraging strategy
0.08
0.92
Functional — Roost
0.02
0.98
Functional — Size
0.08
0.92
Functional — Skull
0.08
0.92
Functional — Wing
0.07
0.93
Phylogenetic
0.04
0.96
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2

attributes, and phylogenetic dispersion for each combination of season and scale. Adjusted R can be negative and these are
interpreted as zeros (Legrendre 2008).
1 KM
3 KM
5 KM
[abc]
[ab]
[bc]
[abc]
[ab]
[bc]
[abc]
[ab]
[bc]
Dry season
Taxonomic
0.15
0.17
0.04
0.31
0.25
0.04
0.39
0.44
0.04
Functional — All
1.00
1.00
0.94
0.99
0.99
0.94
1.00
1.00
0.94
Phylogenetic
1.00
0.99
0.97
0.98
0.98
0.97
0.99
0.99
0.97
Wet season
Taxonomic
-0.02
0.03
0.07
0.15
-0.02
0.07
0.13
0.17
0.07
Functional — All
0.98
0.98
0.95
0.99
0.99
0.95
0.99
0.99
0.95
Phylogenetic
0.99
0.99
0.97
1.00
1.00
0.97
1.00
1.00
0.97

2

Table 3. Adjusted R of [abc], the model with both predictor variables; [ab], the model with environmental variables; and [bc],
the model with the spatial variable for taxonomic structure based on species composition, functional dispersion based on all

2

Table 4. Adjusted R of [abc], the model with both predictor variables; [ab], the model with environmental
variables; [bc], the model with the spatial variable; and the four fractions for functional dispersion (s F ) for each
combination of functional niche axis, season, and scale. Fractions [a] and [c] are the unique contributions of
environment and space, respectively. Fraction [b] is the shared contributions of environmental and spatial
predictors, and fraction [d] is the residual variation. Significant testable model fractions (i.e. unique
@

contributions) are indicated by superscript symbols ( , 0.10 ≥ P > 0.05; *, P
1 KM
[abc]
[ab]
[bc]
[a]
Dry season
Diet
0.94
0.90
0.75
0.19
Foraging location
0.99
0.98
0.84
0.15
Foraging strategy
0.91
0.89
0.50
0.41
Roost
0.97
0.97
0.90
0.07
Size
0.98
0.97
0.91
0.07
Skull
0.97
0.96
0.89
0.08
Wing
0.99
0.99
0.97
0.03
Wet season
Diet
0.99
0.99
0.95
0.04
Foraging location
0.99
0.99
0.96
0.03
Foraging strategy
0.95
0.95
0.52
0.43
Roost
0.99
0.99
0.91
0.09
Size
0.93
0.93
0.75
0.18
Skull
0.93
0.93
0.77
0.17
Wing
0.97
0.97
0.88
0.09
3 KM
[abc]
[ab]
[bc]
[a]
Dry season
Diet
0.93
0.88
0.75
0.18
Foraging location
0.97
0.97
0.84
0.13
Foraging strategy
0.91
0.88
0.50
0.41
Roost
0.99
0.99
0.90
0.09
Size
0.94
0.94
0.91
0.03
Skull
0.93
0.92
0.89
0.04
Wing
0.98
0.98
0.97
0.01
Wet season
@
Diet
0.05
1.00
1.00
0.95
Foraging location
0.99
0.99
0.96
0.03
Foraging strategy
0.96
0.96
0.52
0.44
Roost
0.99
0.99
0.91
0.09
Size
0.92
0.88
0.75
0.17
Skull
0.93
0.89
0.77
0.17
Wing
0.97
0.96
0.88
0.09
5 KM
[abc]
[ab]
[bc]
[a]
Dry season
Diet
0.91
0.91
0.75
0.16
Foraging location
0.99
0.99
0.84
0.15
Foraging strategy
0.98
0.96
0.50
0.48
Roost
1.00
0.99
0.90
0.10
Size
0.98
0.95
0.91
0.07
Skull
0.97
0.94
0.89
0.09
Wing
0.99
0.98
0.97
0.03
Wet season
Diet
0.99
0.99
0.95
0.04
Foraging location
0.99
0.99
0.96
0.03
Foraging strategy
0.99
0.95
0.52
0.47
Roost
0.99
0.99
0.91
0.08
Size
0.93
0.90
0.75
0.18
Skull
0.94
0.91
0.77
0.17
Wing
0.97
0.96
0.88
0.09
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≤ 0.05).
[b]

[c]

[d]

0.71
0.83
0.49
0.90
0.90
0.88
0.96

@

0.04
0.01
0.01
< 0.01
0.01
0.01
< 0.01

0.06
0.01
0.09
0.03
0.02
0.03
0.01

0.95
0.96
0.52
0.91
0.75
0.76
0.88

< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01

0.01
0.01
0.05
0.01
0.07
0.07
0.03

[b]

[c]

[d]

0.70
0.84
0.47
0.90
0.90
0.88
0.96

*0.05
< 0.01
0.03
< 0.01
0.01
0.01
< 0.01

0.07
0.03
0.09
0.01
0.06
0.07
0.02

0.95
0.96
0.51
0.91
0.71
0.73
0.87

< 0.01
< 0.01
0.01
< 0.01
0.04
0.04
0.01

< 0.01
0.01
0.04
0.01
0.08
0.07
0.03

[c]

[d]

0.75
0.84
0.48
0.90
0.88
0.85
0.95

< 0.01
< 0.01
0.02
< 0.01
*0.03
*0.03
*0.01

0.09
0.01
0.02
< 0.01
0.02
0.03
0.01

0.95
0.96
0.48
0.91
0.72
0.74
0.87

< 0.01
< 0.01
0.04
< 0.01
0.03
0.03
0.01

0.01
0.01
0.01
0.01
0.07
0.06
0.03

[b]

Figure Legends
Figure 1. Graphic illustrating variation partitioning of a response matrix or vector (Y) between
two predictor matrices related to environment (E) and space (S). Total variation (Y) is
partitioned into unique variation explained by E ([a] = [abc] – [bc]), the fraction of variation
explained jointly by E and S ([b] = [abc] – [a] – [c]), unique variation explained by S ([c] = [abc]
– [ab]), and variation not explained by either E or S ([d] = 1 - [abc]). Total variation (Y)
explained by different factors is expressed in the following notation: [abc], environmental and
spatial variation together; [ab], environmental variation; [bc], spatial variation; [a], unique
environmental variation after accounting for space; [b], spatially-structured environmental
variation; [c], unique spatial variation after accounting for environment; and [d], residual
variation. Modified from Legendre (1993).

Figure 2. Illustrations of (a) the mean location component and (b) the dispersion component of
functional or phylogenetic structure of an assemblage that comprises species a, c, e, and h.
Species are mapped onto functional or phylogenetic space and distances between pairs of species
quantifies differences in species characteristics. (a) The mean location component can be
represented by the centriod (black dot) of the distribution of species. (b) The dispersion
component can be represented by the volume of space occupied by the assemblage (dotted oval).
Illustrations demonstrating that variation in functional or phylogenetic structure of three
assemblages (assemblage 1, black; assemblage 2, dark gray; assemblage 3, light gray) can arise
from (c) differences in the mean location or (d) differences in dispersion.

127

Figure 3. Location of the 15 sampling sites (black dots) within the study landscape represented
by a 2011 land cover map. Location of the study landscape (black rectangle) in Costa Rica is
displayed in the upper-left corner of the land cover map.

Figure 4. Bar graphs representing the results of variation partitioning of (a) taxonomic structure
based on species composition, (b) functional dispersion based on all functional attributes, and (c)
phylogenetic dispersion are shown for each combination of season and scale. The adjusted
percentages of [a], unique environmental effects; [b], spatially-structured environmental effects;
[c], unique spatial effects; and [d], residual variation are reported next to each bar graph.
Adjusted R2 can be negative for any fraction and these are interpreted as zeros (Legrendre 2008).
Negative [b] fractions can occur when explanatory variables are correlated, but have strong and
opposite effects on the response variable, or when explanatory variables have a weak correlation
with the response variable, but strong correlation with other explanatory variables that are
correlated with the response variable (Peres-Neto et al. 2006). Significant testable model
fractions (i.e. unique effects) are indicated by superscript symbols (@, 0.10 ≥ P > 0.05; *, 0.05 ≥

P > 0.01; **, P ≤ 0.01).

Figure 5. Dispersion of species abundances (represented by different shades of gray) on the
supertree for bats at 15 sites within a human-modified landscape during the dry season and the
wet season. Each column represents a site. Sites are organized from left to right based on
decreasing degree of dispersion. Clades representing five bat subfamilies are indicated by
numbered black dots (1, Stenodermatinae; 2, Carolliinae; 3, Glossophaginae; 4, Phyllostominae;
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5, Desmodontinae). Dashed lines separate the five subfamilies to illustrate differences in the
representation of subfamilies along the gradient.

129

Figure 1
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1
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41 - 50

Table S1. Mean, standard deviation (SD), and range of each of nine landscape characteristics quantified at each of three focal scales (i.e. circles with a 1 km, 3 km,
or 5 km radius) for sites in the Caribbean lowlands of Costa Rica (for definitions, formulae, and units of landscape metrics, see Table S3, Supporting Information).
1 KM
3 KM
5 KM
Mean
SD
Range
Mean
SD
Range
Mean
SD
Range
Composition
Percent forest
57.94
30.39 9.78 - 100.00
49.41
21.70 10.05 - 88.55
48.63
14.69 22.49 - 70.96
Percent pasture
28.75
23.08 0.00 - 77.80
37.61
16.72 10.09 - 70.55
39.68
10.86 25.00 - 60.15
Mean forest patch size
81.95 100.19 2.59 - 313.65
68.25
75.33 4.47 - 278.17
45.31
25.64 7.66 - 96.07
Forest patch density
1.82
1.67 0.32 - 6.68
1.41
1.00 0.32 - 4.32
1.32
0.58 0.74 - 3.09
Simpson's diversity
0.37
0.17 0.00 - 0.60
0.50
0.11 0.21 - 0.69
0.55
0.07 0.43 - 0.70
Configuration
Mean forest proximity
96.98 128.46 0.00 - 408.63
752.85 758.58 8.59 - 2630.11
1300.00 1120.79 71.91 - 3361.66
Mean forest nearest neighbor 117.16
82.31 0.00 - 336.51
116.13
19.86 90.58 - 159.94
110.42
10.77 96.30 - 136.28
Mean forest patch shape
1.88
0.44 1.11 - 2.87
1.98
0.19 1.67 - 2.35
1.99
0.09 1.91 - 2.20
Forest edge density
40.07
20.07 0.00 - 72.85
46.40
14.99 17.66 - 69.50
48.46
9.58 33.95 - 62.70

Supporting Information

137

138

Fleming, T.H., Hooper, E.T. & Wilson, D.E. (1972) Three Central American bat communities: structure, reproductive cycles, and movement patterns. Ecology , 53, 556–569.
Giannini, N.P. & Kalko, E.K.V. (2004) Trophic structure in a large assemblage of phyllostomid bats in Panama. Oikos , 105, 209–220.
Heithaus, E.R., Fleming, T.H. & Opler, P.A. (1975) Foraging patterns and resource utilization in seven species of bats in a seasonal tropical forest. Ecology , 56, 841–854.
Kalka, M. & Kalko, E.K.V. (2006) Gleaning bats as underestimated predators of herbivorous insects: diet of Micronycteris microtis (Phyllostomidae) in Panama. Journal of Tropical Ecology , 22, 1–10.
Linares, O.J. (1998) Mamiferos de Venezuela . Sociedad Conservacionista Audubon de Venezuela, Caracas, Venezuela.
Rodriguez-Herrera, B., Medellín, R.A. & Timm, R.M. (2007) Neotropical tent-roosting bats: field guide . INBio, Santo Domingo de Heredia, Costa Rica.
Tschapka, M. (2005) Reproduction of the bat Glossophaga commissarisi (Phyllostomidae: Glossophaginae) in the Costa Rican rain forest during frugivorous and nectarivorous periods. Biotropica , 37, 409–415.
York, H.A. & Billings, S.A. (2009) Stable-isotope analysis of diets of short-tailed fruit bats (Chiroptera: Phyllostomidae: Carollia ). Journal of Mammalogy , 90, 1469–1477.

Bernard E. (2001) Vertical stratification of bat communities in primary forests of Central Amazon, Brazil. Journal of Tropical Ecology , 17, 115–126.
Kalko, E.K.V. & Handley, C.O. (2001) Neotropical bats in the canopy: diversity, community structure, and implications for conservation. Plant Ecology , 153, 319–333.
Linares, O.J. (1998) Mamiferos de Venezuela . Sociedad Conservacionista Audubon de Venezuela, Caracas, Venezuela.
Mammalian Species <http://www.science.smith.edu/msi/msiaccounts.html>
Rex, K., Michener, R., Kunz, T.H. & Voigt, C.C. (2011) Vertical stratification of Neotropical leaf-nosed bats (Chiroptera: Phyllostomidae) revealed by stable carbon isotopes. Journal of Tropical Ecology , 27,
211–222.
Voigt, C.C. (2010) Insights into strata use of forest animals using the 'canopy effect'. Biotropica , 42, 634–637.

Eisenberg, J.F. & Redford, K.H. (1999) Mammals of the Neotropics. The Central Neotropics: Ecuador, Peru, Bolivia, Brazil. The University of Chicago Press, Chicago, Illinois, USA and London, UK.
Mammalian Species <http://www.science.smith.edu/msi/msiaccounts.html>
Rodriguez-Herrera, B., Medellín, R.A. & Timm, R.M. (2007) Neotropical tent-roosting bats: field guide . INBio, Santo Domingo de Heredia, Costa Rica

Eisenberg, J.F. & Redford, K.H. (1999) Mammals of the Neotropics. The Central Neotropics: Panama, Colombia, Venezuela, Guyana, Suriname, French Guiana. The University of Chicago Press, Chicago,
Illinois, USA and London, UK.
Linares, O.J. (1998) Mamiferos de Venezuela . Sociedad Conservacionista Audubon de Venezuela, Caracas, Venezuela.
Mammalian Species <http://www.science.smith.edu/msi/msiaccounts.html>
Rodriguez-Herrera, B., Medellín, R.A. & Timm, R.M. (2007) Neotropical tent-roosting bats: field guide . INBio, Santo Domingo de Heredia, Costa Rica.

Cisneros, L.M. Measurements from specimens from northeastern Costa Rica. (unpublished)
Eisenberg, J.F. & Redford, K.H. (1999) Mammals of the Neotropics. The Central Neotropics: Panama, Colombia, Venezuela, Guyana, Suriname, French Guiana. The University of Chicago Press, Chicago,
Illinois, USA and London, UK.
Linares, O.J. (1998) Mamiferos de Venezuela . Sociedad Conservacionista Audubon de Venezuela, Caracas, Venezuela.
Mammalian Species <http://www.science.smith.edu/msi/msiaccounts.html>

Baker, R.J., Solari, S. & Hoffman, F.G. (2002) A new Central American species from the Carollia brevicauda complex. Occasional Papers Museum of Texas Tech University , 217, 1–12.
Mammalian Species <http://www.science.smith.edu/msi/msiaccounts.html>
Simmons, N.B. (1996) A new species of Micronycteris (Chiroptera: Phyllostomidae) from northeastern Brazil, with comments on phylogenetic relationships. American Museum Novitates , 3158, 1–34.
Swanepoel, P. & Genoways, H.H. (1979) Morphometrics. Biology of bats of the New World family Phyllostomatidae, Part III. , (eds R.J. Baker, J.K Jones, Jr. & D.C. Carter), pp. 13–106. Special Publications
Museum of Texas Tech University, Lubbock, Texas, USA.

Meyer, C.F. (2007) Effects of rainforest fragmentation on Neotropical bats: land-bridge islands as a model system . PhD thesis, Ulm University, Ulm, Germany.
Norberg, U.M. & Rayner, J.M.V. (1987) Ecological morphology and flight in bats (Mammalia; Chiroptera): wing adaptations, flight performance, foraging strategy and echolocation. Philosophical Transactions of the
Royal Society London B , 316, 335–427.

Foraging location

Foraging strategy

Roost type

Size

Skull

Wing

Source

Diet

Functional
niche axis

Table S2. Sources of information for functional attributes of bat species were compiled from the literature and supplemented with data obtained from field measurements from the Caribbean lowlands of northeastern Costa Rica.
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Forest edge density

Mean forest patch shape

Mean forest nearest neighbor

Mean forest proximity

Configuration

Simpson's diversity

Forest patch density

Mean forest patch size

Percent forest/pasture

Composition

Landscape index
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Formula

2

2

Measures landscape heterogeneity by considering proportions
of all land cover types within a focal scale.

Number of forest patches divided by total area of the focal
scale (multiplied 10,000 and 100 to convert to 100 hectares).

Average area of all forest patches (divided by 10,000 to
convert to hectares) within a focal scale.

Percent of the total area of the focal scale occupied by a
particular land cover type (i.e. forest or pasture).

Description

landscape area (m ).

2

eik, total length (m) of edge of all patches type i; A, total

ni, number of patches of land cover type i.

2

pij, perimeter (m) of patch ij; aij, area (m ) of patch ij;

of type i, based on patch edge-to-edge distance; ni, number
of patches type i.

hij, distance (m) between patch ij and nearest neighbor patch

Total length of edge of forest patches divided by total area of
the focal scale (multiplied by 10,000 to convert to hectares).

Average of forest patch perimeter divided by square root of
patch area, adjusted by a constant to adjust for a square
standard, within a focal scale.

Average minimum edge-to-edge distance between all possible
pairwise patches of forest in a focal scale.

aijs, area (m ) of patches ijs within focal scale; hijs, distance
Average of the sum of forest patch area divided by the edge-toedge distance squared between the focal patch and the nearest
(m) between patch ijs and nearest neighbor patch ijs, based
on patch edge-to-edge distance; ni, number of patches type i. patch for all forest patches within a focal scale.

2

Pi, proportion of landscape occupied by land cover type i.

area (m ).

2

ni, number of patches of land cover type i; A, total landscape

2

aij, area (m ) of patch ij; ni, number of patches of land cover
type i.

aij, area (m ) of patch ij; A, total landscape area (m ).

Variables

Table S3. Indices that quantified landscape structure at each of three focal scales for each of the 15 sampling sites based on a 2011 land cover map.
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fractions (i.e. unique contributions) are indicated by superscript symbols (
1 KM
[a]
[b]
[c]
Dry season
Functional — All
1.85
-1.09
< 0.01
Functional — Diet
1.64
-1.43
0.23
Functional — Foraging location
2.24
-1.47
0.08
Functional — Foraging strategy
2.59
-2.22
0.20
Functional — Roost
1.91
-1.74
< 0.01
Functional — Size
2.52
-2.52
0.33
Functional — Skull
2.34
-2.34
0.27
Functional — Wing
2.92
-2.66
0.28
Phylogenetic
2.49
-2.10
0.01
Wet season
Functional — All
2.28
-1.63
0.02
Functional — Diet
1.83
-1.30
< 0.01
Functional — Foraging location
2.29
-1.48
0.01
Functional — Foraging strategy
2.87
-2.23
0.07
Functional — Roost
1.75
-2.17
< 0.01
Functional — Size
2.68
-2.22
0.04
Functional — Skull
2.62
-2.11
0.03
Functional — Wing
2.53
-2.05
0.01
Phylogenetic
2.60
-2.02
0.01
1.76
1.76
1.78
2.68
2.58
1.97
1.96
2.16
2.27

0.33
0.47
0.18
0.29
1.41
0.50
0.46
0.51
0.42

-2.54
-2.19
-2.12
-2.16
-2.92
-2.88
-2.81
-2.62
-2.31

*0.93
0.89
@
0.64
< 0.01
0.75
*0.69
*0.73
@
0.59
0.29
@

0.85
0.55
0.69
0.48
0.59
1.21
1.12
0.88
0.74

0.07
0.30
0.20
0.97
0.62
2.00
2.03
1.61
0.57

0.35
0.09
0.12
0.02
0.26
0.38
0.37
0.15
0.24

2.02
1.90
2.20
2.05
2.12
1.18
1.04
1.77
2.52

0.24
0.56
0.16
0.43
0.83
0.67
0.73
0.46
0.60

-1.44
-1.29
-1.52
-2.04
-2.01
-2.56
-2.43
-2.53
-2.32

[d]

, 0.10 ≥ P > 0.05; *, P ≤ 0.05).
3 KM
[d]
[a]
[b]
[c]

@

2.23
2.00
2.23
2.97
2.45
2.75
2.67
2.82
2.82

2.01
1.41
2.22
2.59
2.44
2.50
2.42
2.80
2.68

[a]

-1.76
-1.35
-1.50
-2.58
-2.17
-2.52
-2.43
-2.48
-2.36

-1.09
-1.21
-1.43
-2.34
-2.34
-2.60
-2.49
-2.59
-2.37

[b]

5 KM

0.15
0.05
0.03
0.41
0.01
0.33
0.35
@
0.45
0.35

0.01
0.01
0.03
0.32
0.60
0.42
0.42
0.21
0.28

[c]

0.38
0.30
0.24
0.19
0.71
0.44
0.41
0.21
0.19

0.07
0.79
0.18
0.44
0.30
0.68
0.65
0.59
0.41

[d]

Table S4. Adjusted percentages of unique contributions of [a] environmental and [c] spatial predictors for functional or phylogenetic composition for each combination of functional
or phylogenetic approach, season, and scale. Fraction [b] is the shared contributions of environment and spatial predictors, and fraction [d] is the residual variation. Negative [b]
fractions can occur when explanatory variables are correlated but have strong and opposite effects on the response variable or when explanatory variables have a weak correlation
with the response variable but strong correlation with other explanatory variables that are correlated with the response variable (Peres-Neto et al. 2006). Significant testable model

